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Nomenclature 
 
Conical Intersection (CI) – The point where two or more potential energy 
surfaces of a molecule touch or cross affording the high energy electron an 
opportunity to change electronic levels without the need for fluorescence, 
phosphorescence, or adiabatic relaxation. 
 
Diamagnetism – The state of a molecule containing completely spin-
paired electrons so as to not afford the molecule magnetic properties. 
 
Electron Paramagnetic Resonance (EPR) – A magnetic technique 
capable of detecting spin-unpaired electrons similar to the way the more common 
technique of nuclear magnetic resonance (NMR) detects nuclei. 
 
Linear Least Motion Path – The path connecting two points on a 
potential energy surface which limits the amount of change in the position of the 
atoms of the molecule.  This is generally not a path along the actual potential 
energy surface. 
 
Paramagnetism – The state of a molecule containing one or more 
unpaired electrons so as to give the molecule magnetic properties. 
 
Viologen – A common term for a 4,4-bypyridine containing two quaternary 
amines.  (ex. propyl viologen implies a propyl group on each of the nitrogens of 
the viologen.) 
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ABSTRACT 
 
The research described herein comprises two avenues of thought: 1) 
switch-on paramagnetic probes and 2) the prediction and rational design of 
organic compounds capable of undergoing photoheterolytic cleavage.  The 
organic probes herein switch from diamagnetic to paramagnetic and back with 
high radical fidelity based on the presence of non-covalent guest-host complexes 
or temperature.  This switching is shown in a radical dimer of tethered viologens 
as well as a poly(propyl viologen) polymer, and the changes in magnetism are 
followed using electron paramagnetic resonance (EPR) and UV/Vis 
spectroscopy.  The use of EPR is something never seen before in the study of 
viologen dimerization.  Computational investigations into the dimerization support 
the idea of a pimer, as opposed to the more common sigma bond.   
Shifting the idea of photoheterolytic cleavage from being governed by 
transition state control to conical intersection control allows for the generation of 
ground-state, unstable cations preferentially over the stable analogs and 
seemingly defies the chemical intuition for what should be formed.  CASSCF 
conical intersections were done using GAMESS to identify the presence of 
nearby, productive conical intersections necessary for the conversion of the 
excited-state singlet to the ground state more rapidly than fluorescence, 
intersystem crossing, or radiationless decay, methods that would not produce 
bond scission.  The combination of destabilization of the ground state through 
generation of donor-unconjugated, antiaromatic, or dicoordinate cations and the 
stabilization of the excited state due to diradical structures formed in the excited 
state allow for the increased likelihood of these conical intersections.  Prediction 
of potential photoheterolytic cleavage is not limited to the necessity of calculation 
of the conical intersection.  Instead, a less computationally expensive and more 
user-friendly computation of the TDDFT energy gaps associated with the Franck-
Condon energy gap have shown to be good approximations for identifying 
potential nearby conical intersections and, consequently, compounds capable of 
photoheterolytic cleavage.
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CHAPTER 1. INTRODUCTION 
1.1  Dissertation Organization 
The following dissertation is composed of projects focused in two main 
avenues: 1) switch-on paramagnetic organic probes and 2) the prediction and 
rational design of organic compounds capable of undergoing photoheterolytic 
cleavage.  Included are publications on the topic of a spin switchable organic 
dimer and polymer based on the 4,4-bipyridine (viologen) motif as chapters 2-4 
and published computational investigations of conical intersections (CI) as the 
explanation behind substrate inversion of compounds undergoing thermal 
heterolysis vs. photoheterolysis as chapter 5.   
In the paper comprising chapter 2, I worked to identify the linked bipyridine 
as the target molecule, and I synthesized the tethered bipyridine tetracation and 
dication diradical.  I also synthesized the propyl viologen, computed the nature of 
the dimer using Gaussian 091, and collected the data included in the Job’s Plot, 
Hill coefficient calculation, and cyclic voltammetry.  I also created the figures for 
the manuscript, assisted in the electron paramagnetic resonance (EPR) 
measurements, and assisted in the writing of the manuscript. 
I contributed to the manuscript in chapter 3 by completing all of the EPR 
studies and synthesis of the tethered bipyridine tetracation and dication diradical.  
I completed the setup of the UV/Vis temperature switching, the execution of the 
Schlenk/oxygen-free techniques, and I assisted in manuscript preparation by 
designing the figures pertaining to the EPR. 
While working on the paper making up chapter 4, I assisted in the 
synthesis of the polymer, executed the EPR experiments and the 
Schlenk/oxygen-free techniques, designed the experiment used to collect the 
data necessary for the Job’s Plot, and designed the figures pertaining to the 
EPR. 
While researching the article comprising chapter 5, I calculated the 
MCSCF and SF-TD-DFT ground state, excited state, and CI for all molecules 
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specified as needing these computations as well as calculating the potential 
energy surface and linear least motion computations using the GAMESS2,3 
computational software.  I also assisted in the calculation of the TD-DFT vertical 
excitation energies using Gaussian 09,1 assisted in writing the manuscript, and 
calculated the difference density plots and geometry perturbation in the 
supporting information, and drew the figures. 
Appendices are utilized to give extra details associated with each 
manuscript when the data was considered less important for the article, however 
still relevant.  Appendices A-D are the supporting information associated with the 
papers composing Chapters 2-5, respectively. 
 
1.2  Switch-on Paramagnetic Organic Probes 
Spin switchable organic molecules, organic compounds capable of 
changing magnetic states between non-magnetic (diamagnetic) and magnetic 
(paramagnetic), have the potential to be used in applications such as molecular 
electronic devices,4,5 organic spintronics,6-8 organic polymers with bulk 
ferromagnetism,9-11 and biological probes for magnetic resonance 
experiments.12,13  The presence of single or multiple unpaired electrons gives rise 
to the magnetism seen in organic molecules.  The small changes in the magnetic 
properties of the compounds can manifest as large changes in chemical 
properties,14-16 including changes in color,17-19  infrared absorption and 
emission,20,21 luminescence,22-26 crystallinity,27,28 and magnetism.29-33  While the 
spin switchable nature of organometallic compounds is very well 
documented,34,35 minimal attempts at finding organic compounds with similar 
abilities have been documented in small molecules,36-40 including spin switching 
in the solid-state,9-11  supramolecular radical complexes,12,13,41-46 and 
photochromic materials which use light to generate the magnetic switch.47-50  The 
ability to utilize the encapsulation effects of macrocyclic hosts such as 
cucurbiturils51-56, cyclodextrins40,50, and calixarenes57-61 as well as the entropically 
favored reversibility of dimerization via addition of heat62 lead to the thought of 
utilizing these properties as a way to switch-on an electron paramagnetic 
	  	  
3	  
resonance (EPR) signal associated with the input stimulus.  EPR can be thought 
of as being analogous to the more common nuclear magnetic resonance (NMR) 
technique in which a spin-unpaired electron (EPR) is detectable inside an 
external magnetic field as opposed to a nucleus (NMR). 
Through the investigation of 4,4-bipyridinines, viologens have been 
identified as a class of radical organic compounds63-69 capable of switching 
magnetic states in water.64,65,67  Additionally, the affinity for viologen dications 
and cation radicals for cucurbit[7]uril (CB[7]) has been shown to switch 
intermolecular dimers of the radical cations from diamagnetic to paramagnetic via 
UV/Vis.56,70-72  These cucurbiturils are a class of macrocyclic-host molecule, 
shaped like a doughnut or pumpkin (owing to the name-sake), formed when 
glycouril units are linked via a methylene bridge.  These macrocycles contain two 
symmetrical hydrophilic portals lined by carbonyls and a hydrophobic cavity.  
Interestingly, the reversibility of the switching was never studied via EPR, the 
most obvious choice for paramagnetic detection.  Original attempts in this 
dissertation’s research to observe the magnetic switching were stymied by the 
concentration dependent dimerization of an intermolecular propyl viologen.  The 
failed attempts at intermolecular dimerization lead to the use of a covalently 
tethered viologen from which a three-carbon tether was shown to be the most 
efficient for intramolecular dimerization.64,73-76 
Extrapolation of the covalently-linked dimer lead to the possibility of 
making the polymer consisting of alternating 4,4-bipyridine and propyl units also 
studied previously by Shimomura et al77 and other viologen-containing 
polymers.78  The previous work into this polymer, again, never looked at the 
ability to cycle it using CB[7] or temperature, nor was the use of EPR in detection 
investigated, as was done in the following dissertation.   
Chapters 2-4 demonstrate the advancement of viologen radical 
dimerization through studies of reversibility of paramagnetism of both the propyl-
tethered dimer and the propyl-tethered polymer using EPR and UV/Vis for 
detection in water. 
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1.3  Predictive Photoheterolysis Through Conical Intersection Control 
Heterolytic bond cleavage is common in organic chemical reactions.  
Thermal heterolysis follows the traditional chemical intuition of stabilizing the 
transition state of the resulting ion pair for ease of prediction over which 
compounds will cleave and which will not.  The ability to predict the thermal 
heterolytic cleavage is aided by these qualitative and quantitative models, but 
there exists no general model for cleavage occurring in the excited state, like that 
which happens during photoheterolytic cleavage (heterolytic cleavage initiated 
with light).  Known photoheterolytic cleavage reactions generates carbenium ions 
commonly associated with being unstable Fig 1., like π- donor unconjugated 
ions,79,80 antiaromatic ions,81-83 and dicoordinated aryl/vinyl cations,84-86 and few 
examples report efficient generation of the cations traditionally thought of as 
stable when considering only the ground state electronics.  The lack of a model 
with the ability to connect the structure of the compounds capable of efficient 
photoheterolysis has caused many of the photoheterolytic cleavage reactions 
associated with photoremovable protecting groups87 (photocages) to be found by 
accident.  A model capable of predicting the structure of compounds necessary 
for photoheterolysis has hindered the rational design of photocages for use in 
materials,88 synthetic,86,89 medicinal,90 and biological chemistry.91 
 
Figure 1:  Representations of the different classes of excited-state cations discussed (ground-
state cation shown at left, excited state Lewis representation at right).  a) donor-unconjugated 
cations and stabilized non-Kekule ion diradical form (right), b) formally antiaromatic cations, and 
c) dicoordinated cations. 
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Conical Intersections arise when one or more energy levels in a molecule 
(ground states (S0 or T0) or excited states (S1, S2, T1, T2… etc) touch, cross, or 
otherwise come in close enough proximity that an electron from one state can 
move to the other without fluorescence, phosphorescence, or adiabatic release 
of energy.  These conical intersections form a funnel for which interesting and, 
often times, complicated chemistry can occur, and they act as a sort of catalyst 
for light-induced reactions to occur before the other photochemical processes 
listed above can occur.  In chapter 5, the exploration using CASSCF of conical 
intersection’s importance in generating classically unstabilized cations via 
photoheterolysis expands upon the investigations of Zimmerman,92,93 Turro,94 
and Michl,95 which inspired the discovery of Zimmerman in explaining the ‘meta 
effect.’96  The meta effect stems from the observation of photo chemical reactions 
resulting from meta substitution of an aromatic ring as opposed to para 
substitution.  The effect as since been expanded to the ‘ortho-meta’ effect, but 
research in this dissertation suggests there may be another mechanism 
controlling the heterolysis of ortho-substituted rings.  Additionally, more recent 
computational advances have searched for conical intersections in more complex 
chemical systems.97-101  Through the combined research of the community and 
this dissertation’s research, conical intersection’s influence on non-adiabatic 
mechanisms of photoreactions has been likened to the similar role of transition 
states in thermal reactions.94,101-104 
The research shown in chapter 5 demonstrates nearby, productive conical 
intersections exist for the types of compounds resulting from photoheterolysis: 
donor unconjugated cations, antiaromatic cations, and dicoordinated cations.  
This research also utilizes the computationally less expensive vertical energy gap 
from S0-S1 calculated via TD-DFT to predict the presence of the nearby conical 
intersection for expansion of the model into larger numbers of systems and by 
those persons without the computational resources needed for a thorough 
conical intersection search. 
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CHAPTER 2. A NON-COVALENTLY REVERSIBLE 
PARAMAGNETIC SWITCH IN WATER 
A paper published in The Journal of the American Chemical Society Alexander	  T.	  Buck,	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  T.	  Paletta,	  Shalika	  A.	  Khindurangala,	  Christie	  L.	  Beck,	  Arthur	  H.	  Winter	  
 
Abstract 
We report an organo-paramagnetic switch consisting of a linked 
bis(viologen) dication diradical that can be cycled reversibly between 
diamagnetic and paramagnetic states via non-covalent guest-host chemistry with 
cucurbit[7]uril (CB[7]) in room-temperature water. Computations suggest that the 
nature of the interaction between the viologen cation radical units is that of a pi 
dimer (pimer). Molecules with switchable magnetic properties have possible 
applications in spintronics, data storage devices, chemical sensors, building 
blocks for materials with switchable bulk magnetic properties, as well as 
magnetic resonance probes for biological applications. 
 
2.1 Introduction 
Organic molecules with magnetic properties hold promise in applications 
as diverse as molecular electronic devices,1,2 organic spintronics,3-5 organic 
polymers with bulk ferromagnetism,6-8 and biological probes for magnetic 
resonance experiments.9,10 Notable examples of this type include organic spin 
switching in the solid-state11-13 and supramolecular organic radical complexes 
with switchable properties.14-19 Further, while there has been interest in spin state 
switching in organometallic complexes,20,21 organic molecules with switchable 
spin states and magnetic properties in solution remain elusive. Here, we report 
that a linked bis(viologen) dication diradical can be reversibly cycled between 
diamagnetic and paramagnetic forms using non-covalent chemistry in room-
temperature water, providing a switch with changes in color and magnetic 
properties. 
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Viologen cation radicals are a well-characterized class of spin-unpaired 
organic species.22-28 Notably, it has been reported that viologen cation radicals 
exist in equilibrium with a diamagnetic dimer in solution.23,24,26 In other studies, it 
has been shown that viologen dications and viologen cation radicals form non-
covalent complexes with CB[7], a supramolecular host consisting of seven 
methylene-linked glycouril units wrapped into a macrocyclic container.29-34 Thus, 
we considered it might be possible to synthesize a viologen cation radical that 
could be switched between diamagnetic and paramagnetic forms using non-
covalent chemistry with CB[7]. While our initial attempts at exploiting the propyl 
viologen radical cation as a paramagnetic switch were frustrated by its 
concentration-dependent dimerization, it is known that the dimer—free radical 
equilibrium of viologen and related radicals can be shifted to favor the 
diamagnetic dimer when the radicals are covalently tethered.35,36 In particular, a 
three-carbon tether unit has been shown to lead to efficient intramolecular 
dimerization for viologen.23,37,38 
 
2.2 Discussion 
Thus, we synthesized the propyl-tethered bis(viologen) dication diradical 2 
that has a concentration-independent intramolecular dimerization switchable 
between diamagnetic and paramagnetic forms using non-covalent chemistry with 
CB[7] (See Fig. 1). The results of EPR titration studies, UV-Vis switching studies, 
and computational studies indicate the propyl-linked bis(viologen) dication 
diradical 2 is a diamagnetic species that can be switched to the paramagnetic 
form by formation of a ternary complex with CB[7]. The diradical complex can 
further be switched back to the diamagnetic form by displacement of 2 by a 
tighter-binding guest, trimethylaminomethylferrocenyl iodide 3. This switching 
between diamagnetic and paramagnetic forms can be cycled multiple times 
without radical decomposition. 
Dimer 2 was synthesized by two-electron reduction of the propyl-linked 
bis(viologen) tetracation 1 using sodium dithionite in buffered water.39 We 
detected only a weak signal in the EPR spectrum attributable to the viologen 
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radical cation assignable to a small thermal population of the dissociated 
paramagnetic diradical. We were unable to see any peaks in the 1H NMR 
spectrum for this singlet dimer, however, possibly due to a population of the 
paramagnetic form at room temperature (from the EPR data, the equilibrium 
constant between diamagnetic and paramagnetic forms = 30 at 22oC). 
 
 
Figure 1: a) Reversible cycling between diamagnetic and paramagnetic forms of 2 using non-
covalent chemistry b) Reduction of 1 to diradical dication 2. 	  
To test whether 2 could be switched to the paramagnetic form, we added 
varying amounts of CB[7] to prepared solutions of 2 and monitored the change 
by EPR spectroscopy. Addition of 3 equiv. of CB[7] leads to an increase in the 
integrated EPR signal intensity of the viologen cation radical (referenced relative 
to a TEMPONE external standard). The signal is enhanced further by addition of 
3 more equiv. CB[7] and still further by adding a total of 9 equiv. CB[7], clearly 
demonstrating a switch-on EPR behavior for a >12-fold increase in the integrated 
EPR intensity upon addition of 9 equiv. CB[7] (Fig. 2a). We did not pursue 
additions above 9 equiv. CB[7] due to practical difficulties associated with the 
solubility limit of CB[7] in H2O.  
The lack of complete switching of the dimer 2 by 2 equiv. CB[7] suggests a 
small association constant. A Job plot was performed, giving a maxima 
corresponding to a 1:2 2•CB[7] stoichiometry (Fig. 2b), indicating the formation of 
a ternary complex. Binding studies by UV-Vis were performed to obtain a binding 
isotherm and fitted with a 2:1 binding equation to obtain the two macroscopic 
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association constants.  A Hill coefficient of 0.59 was obtained for 2 with CB[7], 
suggesting a negative coopertivity of binding. A macroscopic Ka1 of 3.0 x 104 M-1, 
with an error of less than 15%, for 2 with CB[7] was obtained. This is within error 
of other values for unlinked viologen radical cations with CB[7].34 It should be 
noted that we also detect by EPR the single-line spectrum of the radical anion of 
SO2 in addition to 2. This impurity signal is attributable to the known equilibrium40 
of dithionite with its two dissociated SO2 anion radicals. Since identical amounts 
of dithionite are added in each run, we subtracted the background signal 
attributable to this radical impurity by measuring the spin concentration of the 
dithionite in neat buffer, which accounted for ~1.5% spin concentration. 
To test whether the paramagnetic ternary complex could be switched back 
to the diamagnetic form, we added 3 to the paramagnetic ternary complex 
solution. 3 is known to form a tight complex (Ka~1012 M-1) to CB[7] in water and 
thus would be expected to displace the weaker-binding 2 within the cavity of 
CB[7], returning 2 to its dimeric diamagnetic form.41 Indeed, solutions of the 
dimer containing 9 equiv. of CB[7] and 3 equiv. of 3 leads to reduction of the EPR 
signal back to the same intensity as addition of 6 equiv. CB[7] in the absence of 
3. (See Fig. 2). Addition of 6 equiv. of 3 under the same conditions reduces the 
signal to that of 3 equiv. of CB[7] and 9 equiv. reduces it to the starting signal. 
These experiments demonstrate the switchable nature using non-covalent host-
guest chemistry. 
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Figure 2: a) Plot of EPR spin concentration (as double-integrated intensity) of 2 (1 mM) with 0, 3, 
6, and 9 equiv. CB[7] added. (blue) Switch-off of spin concentration (red) is demonstrated by 
mixing 2 with 9 equiv. CB[7] and with 3, 6, and 9 equiv. of 3. Spin concentrations are the average 
of two separate experiments. b) UV/Vis Job Plot titration of 2 (30uM) with CB[7] (513 nm). c) 
Experimental (black) and simulated (red) EPR (X-Band) spectrum of 2 and dithionite (R2 = 0.980). 
d) Experimental spectrum of dithionite. 	  
Cycling can also be conveniently followed by UV-Vis spectroscopy, since 
the diamagnetic dimer shows a stronger UV-Vis absorption above 800 nm.18,23,25 
Compound 2 has a max absorption at 850 nm, while the free radical has a max 
absorption at 760 nm, (See Fig. 3) which allowed for identification of the state of 
the compound during cycling. We cycled this switch five times by alternating 
addition of 2 equiv. of CB[7] with 2 equiv. of 3 in a cuvette and inspecting the 
dilution-corrected absorbances. The 5 cycles show complete return to the 
diamagnetic dimer. The small reduction in the formation of the complexed 
paramagnetic form with each switching is attributed to reduced complexation with 
CB[7] as the sample is diluted during the sequential additions to a single argon-
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purged cuvette. Note that viologen cation radicals have dissociation constants 
with CB[7] of ~10-5 M, near the concentration of the experiment (100 µM). Thus, 
the small drop in the formation of the ternary complex with each cycle can be 
attributed to dilution favoring the dissociated rather than complexed forms. 
However, since the spectrum of 2 is fully restored with each cycle upon addition 
of 3, it is clear that no radical decomposition occurs. 
 
 
Figure 3: Dilution corrected UV-Vis spectrum obtained by alternate additions of 2 equiv. 
predissolved CB[7] and 2 equiv. of predissolved 3 to a 100 µM solution of 2 in buffer. 5 sequential 
cycles within a single cuvette are shown. 	  
While the EPR titration experiments indicate that uncomplexed diradical 2 
is a diamagnetic singlet (with a small thermal population of the paramagnetic 
form), the nature of the radical interaction is not obvious. Prior studies of viologen 
radicals indicate that these radicals can form both sigma dimers and pi dimers 
(pimers),26,28,37,42,43 although related linked viologen dication diradicals are 
thought to form pi dimers.44,45  The latter pimer interaction can be thought of as 
deriving from the overlap of stacked π SOMO orbitals rather than via formation of 
a traditional sigma bond.  We evaluated the structures and energies of both 2 
and propyl singlet viologen diradical dimers using broken-symmetry density 
functional theory computations (UM06/6-31G(d,p)).  We find that the untethered 
propyl viologen cation radical dimer has minima for both the π dimer structure 
and a sigma dimer structure (signified by a planar stacked structure and a 
buckled structure, respectively).  These two forms can perhaps be viewed as 
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bond stretch isomers with the pimer structure computed to be lower in 
energy.46,47 In contrast, we were only able to find a minimum for the pimer 
structure for 2. Inspection of the Kohn-Sham HOMO of 2 indicates the weak 
bonding interaction that leads to spin pairing between the viologen rings derives 
from overlap of the stacked SOMO π orbitals on both ring systems (See Fig. 4).  
TD-DFT computations of the UV-Vis absorptions are also more supportive of a 
pimer than a sigma dimer.  Thus, the computational evidence suggests that the 
singlet 2 is likely a pimer rather than a sigma dimer. 
 
 
Figure 4: Visualization of the singlet Kohn-Sham HOMO using UM06/6-31G(d,p) (isovalue = .02) 
of a) 2 b) untethered propyl viologen pimer minimum c) untethered propyl viologen sigma 
minimum. 	  
2.3 Conclusion 
In conclusion, we have demonstrated a non-covalently reversible 
organoparamagnetic switch that can be cycled between diamagnetic and 
paramagnetic forms without radical decomposition using non-covalent chemistry 
in room-temperature water. In addition to the applications described in the 
introduction, we note that there is considerable interest in developing biological 
EPR probes capable of detecting diamagnetic species such as enzymes for use 
in EPR-based sensing and animal imaging using EPRI and PEDRI.48-50 Current 
EPR spin probes and spin traps are essentially limited to the detection of 
paramagnetic biological species, which are small in number. However, since this 
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report describes a molecule that has a switch-on of EPR signal by a diamagnetic 
molecule (CB[7]), the overall strategy of shifting a diamagnetic 
dimer/paramagnetic diradical equilibrium by a diamagnetic species may 
represent a promising avenue for achieving switch-on EPR probes for 
diamagnetic analytes. 
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CHAPTER 3. THERMOMAGNETIC SWITCHING IN 
WATER FROM A COVALENTLY-LINKED RADICAL DYAD 
A paper published in The Journal or Organic Chemistry 
Margarita R. Geraskina, Alexander T. Buck, Arthur H. Winter 
 
Abstract 
A covalently-linked viologen radical cation dyad acts as a reversible 
thermomagnetic switch in water.  Cycling between diamagnetic and 
paramagnetic forms by heating and cooling is accompanied by changes in optical 
and magnetic properties with high radical fidelity.  Thermomagnetic switches in 
water may eventually find use as novel biological thermometers and in 
temperature-responsive organic materials where the changes in properties 
originate from a change in electronic spin configuration rather than a change in 
structure.   
 
3.1 introduction 
Changes in molecular spin states of a compound are often associated with 
large changes in chemical properties,1-3  including changes in color,4-6  infrared 
absorption and emission,7,8 luminescence,9-13 crystallinity,14,15 and magnetism.16-
20  While spin control is a property normally associated with transition metals and 
organometallic complexes (e.g. ‘spin-crossover’ materials),21 it is not typically 
considered for stable organic structures. Some isolated attempts have been 
made to control spin in organic small molecules,22-26 including organic spin 
switching in the solid-state,27-29  supramolecular organic radical complexes with 
switchable properties,30-35 and photochromic organic materials make use of 
transient spin switching using light as a stimulus.36-39 Further, [n.n] 
Quinquethiophenophanes and α,ω-bis(quinquethienyl)alkanes have also been 
studied as π-dimer models.40,41 More relevant to this study, some intriguing 
recent reports have also shown that vinyl-linked trityl-thiafullvene radicals can 
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form intermolecular dimers42  that can switch spin with temperature changes in 
organic solution,43 or via reversible encapsulation in the cavity of a macrocyclic 
host to stabilize π-dimer form,44 but a more general strategy for designing 
organic molecules with stimuli-switchable spin states would be desirable, 
particularly if this switching is achievable in water to allow for biological 
applications. 
Such spin-switchable organic molecules have a number of possible 
intriguing applications.1,45-49  Given the changes in properties that are known to 
accompany switching of electronic spin states in transition metals and metallic 
complexes,50 it is an exciting possibility to consider that soft organic materials  
incorporating spin-switchable building blocks51,52 could find use as responsive 
polymers with large changes in physical properties in response to environmental 
cues that modulate the molecular spin state of the building blocks. From a 
biological applications perspective, spin-switchable organic structures could lead 
to useful switch-on magnetic resonance probes.  For such biological applications, 
it is also necessary for these spin-switchable systems to be compatible with 
water and be concentration independent.  For example, viologen radical cations 
are known to be in equilibrium with their dimer forms in water.53 
A recent study from our lab54 demonstrated that a linked viologen dication 
diradical could be switched reversibly between diamagnetic (spin paired) and 
paramagnetic (spin unpaired) forms in solution at room temperature via cycling 
with externally added non-covalent chemical stimuli, providing proof of concept 
for this idea. The advantage of a covalently linked diradical dyad system is that 
the extent of intramolecular dimerization is independent of substrate 
concentration and can exist even in dilute media.  In contrast, weak 
intermolecular dimers dissociate upon dilution.  The covalently-linked radical 
cation dyad 2a forms an intramolecular pi-stacked dimer (“pimer”), that leads to 
pairing of the two radical spins.  In this study, we demonstrate that the 
equilibrium between diamagnetic dimer and paramagnetic diradical form of this 
intramolecularly dimerized diradical 2 can be switched as a function of 
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temperature in water, providing a thermomagnetic switch with changes in 
magnetic and optical properties.  
 
3.2 Discussion 
Propyl-tethered bis(viologen) dication diradical species 2a was generated 
in situ by two-electron reduction of the bis(viologen) tetracation 1 in aqueous 
solution using sodium dithionite as a reducing agent (Figure 1b).55 While the 
diamagnetic dimer is favored at room temperature (with a small thermal 
population of paramagnetic form) we wanted test whether we could manipulate 
the equilibrium towards the paramagnetic form by increasing the temperature. 
 
 
Figure 1: a) Schematic demonstrating reversible thermomagnetic switching from diamagnetic 
diradical dication pimer 2a to paramagnetic diradical dication 2b in water. b) Reduction of propyl-
linked bis(viologen) tetracation 1 to diradical dication 2a using sodium dithionite. 
 
To test whether we could push the equilibrium towards the paramagnetic 
form by increasing the temperature, variable temperature EPR studies were 
performed.  At low temperatures, a small EPR signal is observed from the 
diamagnetic dimer 2a from a small thermal population of the paramagnetic form, 
2b.  Elevating the temperature from 5 °C to 25 °C leads to an increase in the 
EPR signal, and a further increase is seen upon elevating the temperature to 90 
°C (see Figure 2). 
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Figure 2: EPR spectra of 2 mM aqueous solution of 2a in buffer at 5, 25, and 90 °C. Inset: three 
subsequent cycles at 25 °C and 90 °C are shown. 
 
We attribute this increase in EPR signal intensity to an increasing 
population of the paramagnetic form 2b. Furthermore, EPR studies for multiple 
subsequent temperature cycles show that this thermomagnetic switching is 
reversible.  Alternating between high and low temperatures leads to increases in 
the spin concentration and return to the initial spin concentration, respectively.  
See inset in Figure 2.  Remarkably, we did not observe any major deterioration of 
the EPR signal upon temperature cycling, suggesting that the diradical 2 is fairly 
robust to temperature changes (Figure 2). 
 
 
Figure 3: a) EPR spectra of 1 mM DMSO solution of 2a at 30-130 °C temperature range; b) Spin 
concentration of 1 mM DMSO solution of 2a at 30-130 °C temperature range.  
 
Variable temperature EPR studies were also performed in DMSO as a 
supplementary data set for wider range of temperatures (up to 130 °C, Figure 3). 
The studies demonstrate that the established trend continues over 100 °C (limit 
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for water solution temperature range) with further increase in the spin 
concentration.. 
We also monitored the changes in the optical properties of 2a upon 
temperature cycling.  UV-Vis spectra of the aqueous solution of 2a were taken in 
the 5-95 °C range (Figure 4).  Upon heating 2 from 5 °C to 90 °C we observe a 
decrease in the absorption intensities for the bands at 535 nm and 837 nm. A 
new band grows in at 958 nm, attributed to the paramagnetic diradical form. This 
band at 958 nm was partially overlapped with a shoulder of the more intense 
absorption at 837 nm.   
 
 
Figure 4: a) UV-Vis spectra of 100 µM aqueous solution of 2a in buffer at 5, 20, 40, 60, 80, and 
90 °C; b) Color changes of the solution at 5 °C (dark fuchsia) and 90 °C (pink); c) UV-Vis spectra 
of 20 µM aqueous solution of 2a in buffer at 5, 15, 25, 35, 45, 55, and 65 °C; d) Reversibility 
studies of 100 µM solution of 2a in buffer. Four sequential heating and cooling cycles for one 
sample are shown: 837 nm (black line) and 958 nm (red line). 
 
Like with the EPR studies described above, cycling between 2a and 2b 
can be followed by UV-Vis spectroscopy (Figure 4, inset). A sample of 2a was 
heated and cooled sequentially within a cuvette between 5-65 °C. The band at 
837 nm was associated with diamagnetic pimer and the band at 958 nm 
indicates the presence of paramagnetic diradical. These bands exhibit reversible 
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behavior and are opposite to each other in the direction of the absorbance 
change upon temperature cycling. Because the optical changes upon increasing 
the population of the diradical form involves loss of the visible bands and growth 
of a new band at 958 nm (outside of the visible wavelengths), the color change of 
the solution is mostly observed as a lightening from a dark fuchsia to pink upon 
heating (Figure 4, inset).  
A practical difficulty should be noted: At elevated temperatures (>70 °C), it 
is difficult to avoid formation of bubbles in the cuvette.  An isosbestic point is 
clearly seen between the dimer absorption band at 837 nm and the diradical 
absorption at 958 nm when the temperature is raised in small increments up to 
65 °C (See Figure 4c), indicating a clean dimer to diradical transition, but this 
isosbestic point is obscured in Figure 4a when we raise the temperature up to 90 
°C, due to bubble-induced light scattering at the higher temperatures. Therefore, 
additional experiments have been done under similar conditions in pure DMSO 
where isosbestic points can be clearly seen at elevated temperatures.  
 
3.3 Conclusion 
In conclusion, both UV-Vis and EPR experiments indicate that the 
diamagnetic pimer/paramagnetic diradical equilibrium can be manipulated 
reversibly in aqueous solution by changing the temperature, leading to changes 
in magnetic and optical properties of an organic species 2.  Stimuli-responsive 
polymers may permit synthetic materials that change their properties in response 
to temperature changes.  The possibility of achieving the responsive changes in 
physical properties by changes in the quantum mechanical property of the 
electron spin of a material is an intriguing one.  Additionally, spin-switchable 
organic species may find use as switch-on magnetic resonance biological 
probes.  We look forward to exploring these possibilities in future work. 
 
3.4 Experimental Section 
Preparation of 1,1’’-(propane-1,3-diyl)bis(([4,4’-bipyridin]-1-ium)) iodide  and 
1’,1’’’-(propane-1,3-diyl)bis(1-methyl-[4,4’-bipyridine]-1,1’-dium) iodide 1. 
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 1,1’’-(propane-1,3-diyl)bis(([4,4’-bipyridin]-1-ium)) iodide  and 1’,1’’’-
(propane-1,3-diyl)bis(1-methyl-[4,4’-bipyridine]-1,1’-dium) iodide 1 were 
synthesized from a modification of a known method56 that we previously 
reported.54 
 
3.5 UV-Vis Thermomagnetic Cycling Experiments 
Preparation of propyl-linked bis(viologen) dication diradical 2a.  
A modified chemical reduction of Komers was used to prepare dication 
diradical 2a.57 Propyl-linked bis(viologen) tetracation 1 (0.9 mg) was dissolved in 
10 mL of pH 9.6 water (0.045 M NaHCO3/0.009 M NaOH buffer) giving a 100 µM 
solution. This solution was purged with argon gas in a round bottom flask fitted 
with a rubber septa and a cannula needle as an out needle for about 50 minutes. 
Sodium dithionite was weighed (1.3 mg, 0.007 mmol) and placed into a quartz 
cuvette (1 cm path length) in a glove box followed by sealing the cuvette with a 
rubber septa before removing it from the glove box. Degassed 100 µM solution 
(about 2.5 mL) was cannulated into the sealed quartz cuvette with sodium 
dithionite to prepare the aqueous solution of dication diradical 2a. UV-Vis scans 
of propyl-linked bis(viologen) dication diradical 2a water solution were taken at 5 
°C and 65 °C using a calibrated UV-Vis temperature controller for 5 sequential 
cycles of heating from 5 °C to 65 °C followed by cooling from 65 °C to 5 °C.  
Moreover, a separate experiment was performed to take UV-Vis scans at 
different temperatures in 5-95 °C range with an interval of 5 °C.  This procedure 
was repeated for 20-100 µM solution range concentrations as these 
concentrations allowed to obtain appropriate absorbance range. 
 
3.6 EPR Thermomagnetic Cycling Experiments 
The EPR parameters for all experiments are as follows: Modulation 
Frequency = 100 kHz, Modulation Amplitude = 1.0 G, Receiver Gain = 50 dB, 
time constant = .16 ms, conversion time = 20.48 ms, sweep time = 83.89 s, 
center field = 3335 G, sweep width = 70.0 G, microwave attenuation = 20 dB, 
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microwave power = 1.990 mW, number of points = 4096, and number of 
averaged scans = 8. 
The 2 mM solution of propyl-linked bis(viologen) tetracation 1 in pH = 9.6 
water (0.045 M NaHCO3/0.009 M NaOH buffer) was degassed using sparging.  
Meanwhile, the sodium dithionite (2.2 mg) was retrieved from a glove box and 
sealed in a round-bottomed flask to maintain an inert atmosphere.  After 
sparging, the 2 mM analyte solution was cannulated into the round-bottom flask 
containing the sodium dithionite.  Finally the reduced analyte solution was 
cannulated into a custom made EPR tube, 3mm ID/4mm OD top and ~30mm of 
1mm ID/2mm OD bottom, capped by a septum.  The solution was then cycled in 
the EPR instrument using a nitrogen flow to maintain the heat.  The spin 
concentration was calculated via double integration. 
Temperature switching of 1 mM solution of dication diradical 2a in pure DMSO 
was done in the same manner as the aqueous solution. 
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CHAPTER 4. A RADICAL SPIN ON VIOLOGEN 
POLYMERS: ORGANIC SPIN CROSSOVER MATERIALS 
A paper in accepted by Chemical Communications 
Mark J. Juetten, Alexander T. Buck, and Arthur H. Winter 
 
Abstract 
 A polymer containing viologen radical cation monomer units is shown to 
reversibly switch between paramagnetic and diamagnetic states via non-covalent 
host-guest interactions or temperature switching.  Cycling between diamagnetic 
and paramagnetic forms is accompanied by changes in optical and magnetic 
properties. 
 
4.1 Introduction 
 Organic materials are prized for their broad range of properties and 
cheap manufacturing protocols on large scales. Yet while organic polymers 
have a wealth of physical properties available to them, these material 
properties typically arise from a static structure.  Consequently, there has 
been long-standing interest in developing new organic materials that adapt 
their properties in response to environmental cues or other external 
stimuli.1 
 One way of achieving stimuli-responsive properties in organometallic 
complexes2-5 is by invoking a change in the spin state of the metal upon a 
stimulus.  Changes in spin states are often accompanied by large changes 
in materials properties, including changes in color,6-8 infrared absorption 
and emission, luminescence,9-15 crystallinity,16,17 conductivity, and 
magnetism.18-22 As a result of such property changes, spin crossover 
inorganics that change from low-spin configurations to high-spin 
configurations upon stimuli such as heating, find use in thermochromic 
paints23,24 and mechanical actuators,25,26 and hold promise for use in 
sensors, displays, and molecular-scale memory storage devices.  While 
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such spin-switchable inorganic materials are not uncommon, organic spin-
crossover materials are primarily limited to non-polymeric materials,27-31  
Polymers containing paramagnetic building blocks have become 
increasingly sought after for applications such as molecular electronics, 
spintronics,32,33 bulk ferromagnetic polymers,34,35 and biological probes for 
magnetic resonance experiments (e.g. MRI contrast agents35-37).  We 
considered the possibility that organic polymers incorporating spin-
switchable building blocks could lead to soft materials with similar changes 
in properties in response to environmental cues that modulate the 
molecular spin state of the building blocks.   
 
 
                           
Figure 1: a) Reduction of 1 to the radical dication 2. b) Switching between diamagnetic 
and paramagnetic forms of 2 via binding to a CB[7] host molecule c) colour changes of 2 
in buffered water solution corresponding to a change in temperature or a non-covalent 
binding event to CB[7]. 
 
 Prior investigations in our lab have demonstrated that a covalently-
linked diradical dyad derived from viologen cation radicals could be 
reversibly switched between a diamagnetic form and a paramagnetic form 
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via non-covalent stimuli or heating.38-44 The strategy involved synthesizing 
two viologen cation radicals tethered with a three carbon linker.  This 
diradical dyad forms a weak pi bond between the two radicals 
(pimerization), leading to a diamagnetic configuration.  Disruption of this 
weak bond via non-covalent chemistry or heating led to population of a 
paramagnetic form via disruption of this pi bond.  Here, we report that a 
polymeric material based on this viologen dication diradical building block 
can be switched between diamagnetic and paramagnetic forms using non-
covalent binding chemistry or by changes in temperature, leading to a bulk 
organic spin crossover material with stimuli-responsive changes in optical 
and magnetic properties. 
 
4.2 Discussion 
 Polymers were prepared via a modified procedure based on a 
previously reported method.45 Average molecular weights (Mn) were 
determined by 1H-NMR endgroup analysis to be around 7,000 daltons, 
consistent with the previously reported ionene complexes. The diamagnetic 
diradical dimer analogue of the polymer was synthesized by reduction of 1 
into 2 using sodium dithionite in buffered water. 
 The results of the EPR titration studies and UV-Vis switching studies 
indicate that the poly(propyl viologen cation radical) is a diamagnetic 
species (with a small thermal population of a paramagnetic form) that can 
be switched to a paramagnetic form by formation of a complex with CB[7].  
Additionally, an increase in temperature from room temperature correlates 
with an increase in paramagnetism as seen by EPR measurements.  The 
increase in paramagnetism is fully reversible by decreasing the 
temperature back to room temperature.  Temperature changes can be 
cycled multiple times with high radical fidelity. 
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Figure 2: EPR spectrum of 2 (50 mM with respect to the repeat unit) in aqueous buffer 
solution before binding (blue) and after addition in excess of one equivalent of CB[7] (red). 
 
 After reduction of 1 to make 2, a weak signal in the EPR spectrum, 
attributable to the viologen radical cation, is detectable (Fig. 2).  We 
attribute this signal to a thermal population of the dissociated paramagnetic 
diradical at room temperature and/or spin defects in the material (e.g. 
monomers radical cations lacking a partner). In order to test whether the 
paramagnetism could be switched on via non-covalent binding chemistry, 
an excess of 1 equivalent of CB[7] was added to a 1 mM (by repeat unit 
concentration) solution of the polymer 2 in buffer solution and the change 
was monitored by EPR (see Fig. 2). We anticipated that CB[7] would 
thread onto the polymer and bind the cation radical units, leading to a 
switch-on of EPR signal as the intramolecular dimerization is disrupted 
(see Fig 1b for a schematic).  Indeed, a 3-fold increase of signal (by 
integration) was observed after addition of CB[7] (9% spin concentration to 
28%), although the lack of complete formation of radical signal by excess 
CB[7] suggests a low association constant and/or the presence of spin 
defects. The addition of more CB[7] was hindered by the limits of its 
solubility in water.   
 To determine the binding ratio of CB[7] to the viologens, a Job Plot 
was performed (Fig. 3). Since binding to the CB[7] corresponded to a 
darkening of colour, from fuchsia to dark purple (see Fig. 1), UV-Vis was 
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used.  A new peak, corresponding to the complex at 604 nm, was 
monitored as a function of mole fraction of CB[7].  The Job Plot had a 
maximum at a mole fraction of ~0.5, consistent with a 1:1 CB[7]:viologen 
repeat unit stoichiometry (see Fig. 3). The binding pocket of CB[7] has 
been shown to accommodate one viologen unit, and this result was 
consistent with a single CB[7] binding to each viologen cation radical unit.38 
 
 
 
Figure 3: a) UV-plot of 2 starting at concentration of 100 µM with respect to the repeat 
unit and adding CB[7] to change molar ratio from 0%-99% viologen:CB[7] b) UV-Vis Job 
Plot titration of 2 from the data in (a) monitored at 604 nm.  
 
 While the diamagnetic dimer is favoured at room temperature, we 
anticipated that the diradical form could be favoured also by increasing the 
temperature to demonstrate temperature-dependent spin crossover.  To 
a) 
b) 
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test this idea, variable temperature EPR studies were performed. 
Accordingly, elevating the temperature from 25°C to 90°C in a buffered 
water solution leads to a small increase in EPR signal, and this change is 
highly reversible (Fig. 4).  Cycling between high and low temperature 
reproduced the original spectra with no signs of radical degradation 
through four iterations.  Because no deterioration of signal was detected, 
these results suggest that 2 is robust to temperature changes, with no 
apparent radical degradation.  This cycling could also be followed by UV-
Vis spectroscopy. 
 The changes in temperature and spin concentration also 
corresponded to a change in colour that could be monitored by UV-Vis 
spectroscopy between 5°C and 65°C. Temperature was not increased 
beyond 65°C to avoid the formation of bubbles in the cuvette, which results 
in scattering artifacts. Upon heating, we observed a decrease in the 
absorption band at ~500 nm as well as the broad band between 800-1000 
nm. A new band grows in at 958 nm, which we attribute to the 
paramagnetic diradical. Because of the broad band simultaneously 
decreasing with the increase of the sharper 958 nm band, a simple 
straight-line correction was used to monitor the growth of the 958 nm band. 
The result of the decrease in the visible bands (and a growth of a new 
band in the near-IR) can be visualized as a change in colour from fuchsia 
to a lighter pink upon heating (see Fig.1). 
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Figure 4: a) EPR spectra of 1 mM (by viologen repeat units) of 2 in buffer at 25 and 90°C. 
Inset: four subsequent cycles at 25°C and 90°C are shown b) UV-Vis plot of 2 at 100 µM 
with respect to the repeat unit with temperature increasing from 5 to 65°C 
 
4.3 Conclusions 
 EPR experiments reveal that the diamagnetic form of a reduced 
poly(propyl viologen) can be reversibly switched between a diamagnetic form 
and a paramagnetic form by non-covalent binding or by heating, leading to 
changes in optical and magnetic properties.  Such spin-crossover organic 
materials may find use in stimuli-responsive bulk materials, where the change 
in properties of the material arises from a change in the spin configuration of 
the building blocks. 
 
4.4 References 
a) 
b) 
	  	  
43	  
 (1) Ziganshina, A. Y.; Ko, Y. H.; Jeon, W. S.; Kim, K., Chem. Comm. 
2004, 806. 
 (2) Evangelio, E.; Ruiz-Molina, D., CR. Chim. 2008, 11, 1137. 
 (3) Brunlich, I.; Suenchez-Ferrer, A.; Bauer, M.; Schepper, R.; Knusel, 
P.; Dshemuchadse, J.; Mezzenga, R.; Caseri, W., Inorg. Chem. 2014, 53, 3546. 
 (4) Thies, S.; Sell, H.; Bornholdt, C.; Schütt, C.; Köhler, F.; Tuczek, F.; 
Herges, R., European Journal of Chemistry 2012, 18, 16358. 
 (5) Wockerlin, C.; Chylarecka, D.; Kleibert, A.; Mueller, K.; Iacovita, C.; 
Nolting, F.; Jung, T. A.; Ballav, N., Nat. Commun. 2010, 1, 61. 
 (6) Benito-Garagorri, D.; Alves, L. G.; Puchberger, M.; Mereiter, K.; 
Veiros, L. F.; Calhorda, M. J.; Carvalho, M. D.; Ferreira, L. P.; Godinho, M.; 
Kirchner, K., Organometallics 2009, 28, 6902. 
 (7) Laranjeira, J. M. G.; Khoury, H. J.; de Azevedo, W. M.; de 
Vasconcelos, E. A.; da Silva, E. F., Jr., Mater. Charact. 2003, 50, 127. 
 (8) Okuhata, M.; Funasako, Y.; Takahashi, K.; Mochida, T., Chem. 
Commun. (Cambridge, U. K.) 2013, 49, 7662. 
 (9) Culp, J. T.; Chen, D.-L.; Liu, J.; Chirdon, D.; Kauffman, K.; 
Goodman, A.; Johnson, J. K., Eur. J. Inorg. Chem. 2013, 2013, 511. 
 (10) Okamura, H.; Matsubara, M.; Tayagaki, T.; Tanaka, K.; Ikemoto, Y.; 
Kimura, H.; Moriwaki, T.; Nanba, T., J. Phys. Soc. Jpn. 2004, 73, 1355. 
 (11) Delbecq, C. J.; Yuster, P. H., Phys. Status Solidi B 1975, 68, K21. 
 (12) Doty, M. F.; Scheibner, M.; Ponomarev, I. V.; Stinaff, E. A.; 
Bracker, A. S.; Korenev, V. L.; Reinecke, T. L.; Gammon, D., Phys. Rev. Lett. 
2006, 97, 197202/1. 
 (13) Gural'skiy, I. y. A.; Quintero, C. M.; Abdul-Kader, K.; Lopes, M.; 
Bartual-Murgui, C.; Salmon, L.; Zhao, P.; Molnar, G.; Astruc, D.; Bousseksoua, 
A., J. Nanophotonics 2012, 6, 063517. 
 (14) Qi, J.; Tanaka, M.; Sun Ahn, J.; Masumoto, Y., J. Lumin. 2000, 87-
89, 1102. 
 (15) Yong, G.-P.; Li, C.-F.; Li, Y.-Z.; Luo, S.-W., Chem. Commun. 2010, 
46, 3194. 
	  	  
44	  
 (16) Boinnard, D.; Bousseksou, A.; Dworkin, A.; Savariault, J. M.; 
Varret, F.; Tuchagues, J. P., Inorg. Chem. 1994, 33, 271. 
 (17) Naik, A. D.; Robeyns, K.; Meunier, C. F.; Leonard, A. F.; Rotaru, A.; 
Tinant, B.; Filinchuk, Y.; Su, B. L.; Garcia, Y., Inorg. Chem. 2014, 53, 1263. 
 (18) Bouguessa, S.; Herve, K.; Golhen, S.; Ouahab, L.; Fabre, J. M., 
New J. Chem. 2003, 27, 560. 
 (19) Feng, P. L.; Stephenson, C. J.; Amjad, A.; Ogawa, G.; del Barco, 
E.; Hendrickson, D. N., Inorg. Chem. 2010, 49, 1304. 
 (20) Herper, H. C.; Bernien, M.; Bhandary, S.; Hermanns, C. F.; 
Krueger, A.; Miguel, J.; Weis, C.; Schmitz-Antoniak, C.; Krumme, B.; 
Bovenschen, D.; Tieg, C.; Sanyal, B.; Weschke, E.; Czekelius, C.; Kuch, W.; 
Wende, H.; Eriksson, O., Phys. Rev. B: Condens. Matter Mater. Phys. 2013, 87, 
174425/1. 
 (21) Strozecka, A.; Soriano, M.; Pascual, J. I.; Palacios, J. J., Phys. 
Rev. Lett. 2012, 109, 147202/1. 
 (22) Jeon, K.-R.; Min, B.-C.; Spiesser, A.; Saito, H.; Shin, S.-C.; Yuasa, 
S.; Jansen, R., Nat. Mater. 2014, Ahead of Print. 
 (23) Seeboth, A.; Lotzsch, D.; Ruhmann, R.; Muehling, O., Chem. Rev. 
2014, 114, 3037. 
 (24) Seeboth, A.; Ruhmann, R.; Muehling, O., Materials 2010, 3, 5143. 
 (25) Chebny, V. J.; Shukla, R.; Lindeman, S. V.; Rathore, R., Org. Lett. 
2009, 11, 1939. 
 (26) Davis, A. P., Nature 1999, 401, 120. 
 (27) Alberola, A.; Burley, J.; Collis, R. J.; Less, R. J.; Rawson, J. M., J. 
Organomet. Chem. 2007, 692, 2750. 
 (28) Fujita, W.; Awaga; Kunio, Science 1999, 286, 261. 
 (29) Hicks, R. G., Nat Chem 2011, 3, 189. 
 (30) Hong, J.; Bekyarova, E.; de Heer, W. A.; Haddon, R. C.; Khizroev, 
S., ACS Nano 2013, 7, 10011. 
	  	  
45	  
 (31) Winter, S. M.; Mailman, A.; Oakley, R. T.; Thirunavukkuarasu, K.; 
Hill, S.; Graf, D. E.; Tozer, S. W.; Tse, J. S.; Mito, M.; Yamaguchi, H., Phys. Rev. 
B 2014, 89, 214403. 
 (32) Herrmann, C.; Solomon, G. C.; Ratner, M. A., J. Am. Chem. Soc. 
2010, 132, 3682. 
 (33) Jahn, B. O.; Ottosson, H.; Galperin, M.; Fransson, J., ACS Nano 
2013, 7, 1064. 
 (34) Rajca, A., Chem. Rev. 1994, 94, 871. 
 (35) Spagnol, G.; Shiraishi, K.; Rajca, S.; Rajca, A., Chem. Commun. 
2005, 5047. 
 (36) Davis, R. M.; Sowers, A. L.; DeGraff, W.; Bernardo, M.; Thetford, 
A.; Krishna, M. C.; Mitchell, J. B., Free Radical Bio. Med. 2011, 51, 780. 
 (37) Rajca, A.; Wang, Y.; Boska, M.; Paletta, J. T.; Olankitwanit, A.; 
Swanson, M. A.; Mitchell, D. G.; Eaton, S. S.; Eaton, G. R.; Rajca, S., J. Am. 
Chem. Soc. 2012, 134, 15724. 
 (38) Buck, A. T.; Paletta, J. T.; Khindurangala, S. A.; Beck, C. L.; Winter, 
A. H., J. Am. Chem. Soc. 2013, 135, 10594. 
 (39) Geraskina, M. R.; Buck, A. T.; Winter, A. H., J. Org. Chem. 2014, 
79, 7723. 
 (40) Evans, A. G.; Evans, J. C.; Baker, M. W., J. Am. Chem. Soc. 1977, 
99, 5882. 
 (41) Furue, M.; Nozakura, S.-i., Chem. Lett. 1980, 9, 821. 
 (42) Geuder, W.; Hunig, S.; Suchy, A., Tetrahedron 1986, 42, 1665. 
 (43) Michaelis, L.; Hill, E. S., J. Gen. Physiol. 1933, 16, 859. 
 (44) Monk, P. M. S.; Hodgkinson, N. M.; Ramzan, S. A., Dyes Pigm. 
1999, 43, 207. 
 (45) Shimomura, M.; Utsugi, K.; Horikoshi, J.; Okuyama, K.; Hatozaki, 
O.; Oyama, N., Langmuir 1991, 7, 760. 
 
 
  
	  	  
46	  
CHAPTER 5. INVERTED SUBSTRATE PREFERENCE 
FOR PHOTOCHEMCIAL HETEROLYSIS ARISES FROM 
CONICAL INTERSECTION CONTROL  
A paper published in The Journal of the American Chemical Society 
Alexander T. Buck, Christie L. Beck, Arthur H. Winter 
 
Abstract 
Heterolytic bond scission is a staple of chemical reactions.  While 
qualitative and quantitative models exist for understanding the thermal 
heterolysis of carbon—leaving group (C-LG) bonds, no general models connect 
structure to reactivity for heterolysis in the excited-state.  CASSCF conical 
intersection searches were performed to investigate representative systems that 
undergo photoheterolysis to generate carbocations.  Certain classes of 
unstabilized cations are found to have structurally nearby, low-energy conical 
intersections, whereas stabilized cations are found to have high-energy, 
unfavorable conical intersections.  The former systems are often favored from 
photochemical heterolysis, whereas the latter are favored from thermal 
heterolysis.  These results suggest that the frequent inversion of the substrate 
preferences for non-adiabatic photoheterolysis reactions arises from switching 
from transition-state control in thermal heterolysis reactions to conical 
intersection control for photochemical heterolysis reactions.  The elevated 
ground-state surfaces resulting from generating unstabilized or destabilized 
cations, in conjunction with stabilized excited-state surfaces, can lead to 
productive conical intersections along the heterolysis reaction coordinate. 
 
5.1 Introduction 
 The structures of organic molecules that undergo photoheterolysis to 
generate carbenium ion pairs defy the chemical intuition developed for thermal 
heterolysis.  Known photoheterolysis reactions frequently generate classic 
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examples of unstable carbenium ions, such as π- donor unconjugated ions,1,2 
antiaromatic ions,3-5 and dicoordinated aryl/vinyl cations.6-8  Few examples report 
efficient heterolysis to generate stabilized cations.  To date, no model connects 
structure to reactivity for these photoreactions, and many of the known 
photoremovable protecting groups,9 or photocages, have been discovered 
serendipitously or through empirical investigations.  The lack of a structure-
reactivity relationship for photoheterolysis reactions has hindered the rational 
design of new structures that undergo photoheterolysis, which are reactions of 
applied importance in materials,10 synthetic,8,11 medicinal,12 and biological 
chemistry.13  
In this paper we attempt to understand why successful photochemical 
heterolysis reactions of C-LG bonds frequently generate unstabilized 
carbocations, the opposite of structural preferences for thermal heterolysis 
reactions.  Inspired by Zimmerman’s,14,15 Turro’s,16 and Michl’s17 early 
investigations on the importance of conical intersections in photoreactions, 
Zimmerman’s later investigations into the role of the conical intersection for 
explaining the ‘meta effect,’18 and more recent computational advances in 
searching for conical intersections in complex chemical systems19-23 we 
investigated the hypothesis that these surprising photoreactivities might be linked 
to conical intersection control,23  the concept that an increasing number of 
photoreactions are thought to proceed via radiationless, non-adiabatic 
mechanisms, channeling from the excited-state surface to the ground-state 
surface via an intersection where the surfaces join.24,25  As a result, the role and 
importance of the conical intersection for non-adiabatic photoreactions has been 
likened to that of the transition state for thermal reactions in terms of governing 
the photoreaction.26  For example, the propensity of many photoreactions to 
generate strained molecules has been attributed in part to conical intersection 
control,16 wherein highly strained photoproducts are located at energetic spikes 
on the ground-state surfaces leading to nearby conical intersections with the 
excited state, providing a productive channel for the photoreaction to proceed 
from the excited-state to the strained ground-state minimum.   
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 Similarly, we hypothesized that generation of certain unstabilized 
carbenium ions, while disfavored thermally, might be favored photochemically by 
elevating the ground-state heterolysis reaction coordinate surface at the ion pair 
geometry.  In combination with a stabilized excited-state surface at this 
geometry, a productive conical intersection may result that provides a channel for 
the photoreaction to proceed from the excited-state to the ground-state ion pair, 
making the photoheterolysis reaction pathway for these structures competitive 
with unproductive photophysical processes (internal conversion, luminescence, 
etc).  In contrast, heterolysis reactions that generate stable cations necessarily 
have lowered ground-state surfaces along the heterolysis reaction coordinate, 
making it less likely for these structures to have a nearby productive conical 
intersection near the ion pair (Fig. 1). 
 
 
Figure 1:  Schematic of hypothesis that a destabilized ground state and a stabilized excited state 
can lead to a favorable, nearby conical intersection.  Black line indicates how S0-S1 excited-state 
vertical energy gap for carbocation may act as a convenient, easy-to-calculate probe for a nearby 
conical intersection. 
 
To test the hypothesis that these unstabilized cation structures have 
favorable, nearby conical intersections, we performed conical intersection 
searches of representative cations in combination with an excited-state energy 
gap probe approach that allowed us to expand our investigation to a larger 
number of systems.  We find that stable cations, such as those with conjugated 
π-donors or aromatic cations, generally have higher-energy conical intersections 
relative to their excited-state minima.  In contrast, certain unstabilized or 
destabilized cations (e.g. non-conjugated donor-substituted cations, antiaromatic 
cations, substituted aryl cations, etc), have stabilized excited states and lower-
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energy, nearby conical intersections (See Fig. 2).  Our results suggest that the 
orthogonal substrate preferences between thermal and non-adiabatic 
photochemical heterolysis reactions may arise from conical intersection control. 
 
 
Figure 2: Calculated points on the potential energy surfaces of the cations studied by CASSCF 
with full pi active space.  a,b) 3D graphs of calculated points on S0 and S1 surface with linear path 
to the nearest conical intersection (pink tetrahedron).  The linear paths are only linear least 
motion paths and are not minimum energy points (MEP).  c - l) graphs of the energies of the 
potential energy surfaces relative to respective ground states. c) allyl 1, d) 1-aminoallyl 2, e) 2-
aminoallyl 3, f) o-aminobenzyl 8, g) m-aminobenzyl 9, h) p-aminobenzyl 10, i) indenium 14, j) 
pyrylium 15, k) p-aminophenyl 16, and l) aminocoumarin analog 20.  Red bond in the inset shows 
the bond chosen for the geometrical coordinate, which was chosen based on the bond with the 
largest deformation between S0, S1 and the CI.  For a), all points at 250 kcal/mol are off scale. 
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5.2 Computational Methods  
Conical intersections were computed using complete ponical intersections 
were computed using complete  geometrical coordinate, which was chosen 
based on the bon onical 27,28 using the 6-31G(d) basis set (giving equal weighting 
to ground state and excited state).  Empty sigma orbitals were also included in 
the active space (e.g. for p-aminophenyl cation).  For the purposes of this paper, 
we use the term “conical intersection” to refer to the lowest energy point on the 
seam connecting two potential energy surfaces (sometimes called the minimum 
energy crossing point).  Details can be found in the Supporting Information.  For 
example, the m-aminobenzyl cation was computed using a (8,8) active space, 
consisting of eight π electrons in the eight π orbitals.  To ascertain the energy 
gaps between the ground-state and excited-state surface, we used time-
dependent density functional theory (TD-B3LYP/6-311+G(2d,p)) at the DFT-
optimized geometries (RB3LYP/6-31G(d)) using Gaussian 09.29  TD-DFT is 
known to give reasonable results for excited state energy gaps,30,31 provided the 
ground state can be described predominantly by a single reference wavefunction.  
By computing the conical intersection and excited-state energies of the cation 
(and neglecting the leaving group) we assume that the photochemistry occurs to 
the greatest extent on the part of the molecule that becomes the cation moiety 
and not the leaving group.  This approach was employed by Zimmerman for 
studying the meta effect14,15 and appears to be a reasonable assumption, since 
experimentally these excited-state substituent effects appear to be largely 
independent of the leaving group.  For example, known photocage structures 
undergo efficient photoheterolysis with a variety of different leaving groups, 
suggesting that the photochemistry is largely directed by the structure of the 
cation than by the leaving group.  Typical leaving groups include phosphates (eg. 
ATP),32 carbamates,33 carbonates,34 carboxylates,35 and even ‘bad’ leaving 
groups such as OH-. We have supported this idea independently by computing 
the excitation energies of 12 with acetyl, chloro, and hydroxy leaving groups and 
found that both the nature of the absorption and the excitation energy of the 
highest electron is largely unperturbed (254, 287, and 271 nm respectively).  
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Experimentally, Givens has also found that the rate of release in the excited state 
is affected by the nature of the leaving group (with “better” leading groups leading 
to faster release in the excited state), but not the photochemical preferences.  
Additionally, by neglecting the leaving group from our calculations we assume 
that the relative cation ground-state and excited-state energies are not, to a 
major degree, influenced by ion pairing.  However, it should be noted that a 
number of studies36 have demonstrated the importance of the topology of the 
conical intersection (ie. sloped/peaked) on the dynamics of the photoreaction.  To 
this end, neglecting the leaving group means that information about the topology 
of the conical intersection is probably not useful, and we are likely to only be able 
to make conclusions of the viability of the conical intersection between the 
closed-shell singlet and open-shell singlet of the carbocation.  
 
5.3 Computational Results  
Carbocations that were included in this computational study are shown in 
Chart 1. Some of these carbocations result from photoheterolysis reactions of 
known substrates (structures 7-9, 12-14, 16, 21, 22, 26- 28, 31, 32-3537), or are 
simplified structures of known substrates for computational convenience (e.g. 
cation 15 is a chemically simplified version of the known substrate 21, while 20 is 
a chemically simplified version of 26).  Other cations included in our study are 
those that result from substrates that are emperically known to not undergo 
efficient photoheterolysis (e.g. 10, 30).  The remaining cations (1-6, 11, 17-19, 
23-25, 36-39) were investigated to understand the effect of chemical structure on 
the ground-state—excited-state energy gap, which we propose may be useful as 
a simple computational probe for the presence of a nearby conical intersection.  
Photochemical substrates that do not involve direct heterolytic scission from the 
excited state, such as the o-nitroaromatic caging systems, are not relevant to the 
present discussion and were omitted from this study.   
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Chart 1:  Structure of cations studied.  Structures studied by both TD-DFT and CASSCF conical 
intersection searches are shown in the box while structures studied by TD-DFT are shown 
outside the box. 
 
 Many of the known successful photoheterolysis reactions that generate 
carbenium ions have cation structures that fall into three main classes: 1) π-
donor unconjugated ‘benzylic’ cations (e.g. 3,5-dimethoxybenzyl cation38 13, 9-
aminocoumaryl cation9,39,40 26); 2) Cations that are formally antiaromatic 
following Hückel’s Rule (e.g. fluorenyl41 28, indenyl cation42 14); and 3) 
Dicoordinated carbocations (e.g. donor-substituted vinyl/aryl cations 166-8).  The 
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unusual nature of these substrates favor for photoheterolysis has not gone 
unnoticed.  Pincock and Young42 noted that for photoheterolysis of the indenyl 
cation that “efficient generation by this photochemical solvolysis is in sharp 
contrast to the very low reactivity of related ground-state substrates.”  The 
original report of the “meta effect” by Havinga43 noted that rapid heterolysis of 
meta-substituted systems “defies a chemical explanation.”  In contrast, the 
paucity of reports of photoheterolysis in substrates that generate stabilized 
cations is intriguing.  However, two notable cases have been reported as 
counterpoints to successful photoheterolysis reactions.  The precursor to the 
aromatic ion 5 was reported to not undergo photoheterolysis while the substrate 
leading to antiaromatic indenyl cation does undergo facile photoheterolysis42; 
additionally, p-donor-substituted benzylic systems are reported to not undergo 
photoheterolysis, in contrast to the meta-substitued derivatives,18 giving rise to 
the so-called ‘meta effect.’ However, the observation that photochemical 
heterolyses generally appear to favor the formation of classic examples of 
unstable carbocations, while few report the formation of stabilized cations, has to 
our knowledge not been rigorously addressed. 
 
Conical intersection searches for cations 1-3, 8-10, 14-16, 20.   
To test the hypothesis that photoheterolysis reactions generate 
carbocations with favorable conical intersections, we performed conical 
intersection searches on representative cations that fall within the three major 
classes of ion favored from photoheterolysis mentioned above as well as the 
counterpoint substrates that are known to not undergo efficient photoheterolysis.  
We anticipated that cations resulting from photochemically-favored substrates 
would have low-energy nearby conical intersections whereas cations resulting 
from substrates lacking a favored photoheterolysis pathway would have higher 
energy unfavorable conical intersections.  Cations 8-10 were chosen for study 
since ortho and meta donor-substituted substrates favor photoheterolysis, 
whereas a para donor substituent does not favor photoheterolysis.18,44  Cation 20 
was chosen as a simplified model system of the cation resulting from the popular 
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9-aminocoumaryl photocage 26, which preserves the unconjugated nature and 
connectivity of the amine donor substituent but eliminates the benzene ring to 
yield a system for which a conical intersection search is computationally 
tractable.  Cation 14 is a representative system of the formally antiaromatic 
cations that are favored from photoheterolysis; pyrilium cation 15 is a simplified 
version of a known substrate that generates the aromatic ion 21 via an adiabatic 
photochemical mechanism.45,46  Cation 16 is chosen as representative of the 
dicoordinate carbocations often favored from photoheterolysis.  Finally, systems 
1-3 were investigated as possible simple new systems that may undergo 
photoheterolysis.    
For each of the carbocations, we computed the CASSCF optimized 
geometries and energies for the ground-state minimum, the first singlet excited-
state minimum, and the conical intersection between the ground state and the 
singlet excited state.  These energies are plotted versus a geometrical coordinate 
in Figure 2.  As can be seen from Figure 2, cations deriving from photochemically 
favored substrates (9, 14, 16, 20) are found to have low-energy conical 
intersections relative to the excited-state minimum.  Additionally, cations resulting 
from photochemically favored substrates have small structural deviations 
between the excited-state minimum and the conical intersection structures, 
whereas those unfavored systems with high-energy conical intersections have 
large structural distortions (see SI Fig. S2 for structural overlays of excited-state 
minimum and conical intersection geometries). Note that in two cases (16, 20) 
we were unable to locate an excited-state minima, suggesting that there is a 
direct channel from the Franck-Condon excited state to the conical intersection 
bypassing a minimum.  These results support the idea that conical intersection 
control is an important feature of these photoheterolysis reactions.  Those 
unstabilized carbocations that are favored from photoheterolysis (or their model 
systems) have low-energy, nearby conical intersections to the excited-state 
minimum.  In contrast, the stabilized cations have high-energy, distant conical 
intersections relative to the excited-state minima. 
 
	  	  
55	  
Stabilized-cation excited states.   
Conical intersections occur at biradical geometries.47,48  Thus, assuming 
no major structural deviations in the excited state, cations having favorable 
nearby conical intersections should have low-energy ion diradical forms.  For 
those species belonging to class 1 described above (donor-unconjugated 
cations), the excited states resemble stabilized non-Kekule diradical ions (see 
Fig. 4).  These diradical forms can be envisioned as deriving from promotion of a 
π electron on the unconjugated donor substituent to the formally empty cation p  
These diradical forms can be envisioned as deriving from promotion of a π 
electron on the 
unconjugSOMOs).  This view is supported by our time-dependent density functio
nal theory (TD-DFT) computed difference density plots between the ground state 
and the excited state (see Supporting Information).  For example, the meta-donor 
substituted systems have an excited singlet ion diradical form that is 
electronically analogous to the classic meta xylylene diradical,49 with a radical at 
the “carbenium center” and a cation radical donor substituent.  There are 
numerous examples of cations that fall within this type (9, 12, 13, 17, 18, 19, 22, 
23, 24, 25, 26, 27, 31).  Thus, while the donor group does not act to stabilize the 
ground-state cation via resonance, it leads to stabilized singlet diradical excited 
states.  For ions belonging to class 2 (antiaromatic cations), the excited state 
resembles a π,π* cation diradical.  These antiaromatic cations are classic 
examples of cations with low-energy excited states, and Wan has suggested the 
excited state of these antiaromatic ions may have aromatic character.5  
Examples falling into class 3 (dicoordinated cations, such as aryl/vinyl cations) 
have excited states resembling open-shell cationic carbenes.  These 
representations can be seen from inspection of the SOMOs (see Supporting 
Information) and are diagrammed in Figure 3. 
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Figure 3:  Representations of the different classes of excited-state cations discussed (ground-
state cation shown at left, excited state Lewis representation at right).  a) donor-unconjugated 
cations and stabilized non-Kekule ion diradical form (right), b) formally antiaromatic cations, and 
c) dicoordinated cations. 
 
Excited-state energy gaps as a simple probe for nearby conical intersections.   
Unfortunately, the practical difficulty and computational expense 
associated with computing conical intersections makes a complete investigation 
of all systems unfeasible.  Since we are interested in a broad investigation, we 
tested the possibility of using the ground-state—excited-state vertical energy gap 
of the cation to probe for a nearby conical intersection.  We considered that low 
vertical energy gaps between the cation ground state to the first excited state, 
which are easily computable using TD-DFT, would implicate a nearby conical 
intersection, assuming that there are no major structural deformations in the 
cation excited-state structure.  This idea is diagrammed in Figure 1.  
A correlation between the energy of the conical intersections of the cations 
we computed and their excited-state energy gap computed by TD-DFT appears 
to provide some evidence to support the validity of this approach (see Fig. 4), 
with an apparent inflection point at ca. 60 kcal/mol, where significant barriers 
between the ground-state minimum and the conical intersection appear.  
Additionally, the Franck-Condon vertical energy gaps of the unstabilized 
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carbocations that are favored from photoheterolysis are generally lower than for 
stabilized carbocations (See Fig. 5).  Cations 1 and 36-39 are included to show 
the vertical gap of “normal” conjugated cations, indicating that these structures 
do not have a favorable conical intersection in the default case (see Fig 5). 
 
 
Figure 4: A plot of the difference in conical intersection energy and S1 minimum energy vs TD-
DFT computed S0-S1 Franck-Condon vertical energy gap for the compounds studied.  Red points 
show compounds that are experimentally found to be photoactive or have a nearby conical 
intersection.  Cation 15 is a model system for cation 21 that results from photoheterolysis via an 
adiabatic mechanism, indicating no nearby conical intersections. 
	  	  
58	  
 
Figure 5. An energy level diagram comparing the Franck-Condon vertical energy gap (TD-
B3LYP/6-311+G(2d,p)) of all of the cations studied.  Compounds in the green section encompass 
most of the cations from the photoactive species.  The maximum of the green section is where 
the TD-DFT gap in Fig 4 for the experimentally known cations for photoheterolysis end.  Cations 
in the red sections would not be expected to have low-energy conical intersections.  Inset: 
Hypothesis that a small vertical energy gap suggests a nearby conical intersection. 
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Photoheterolysis through the p,p* triplet manifold. 
While the discussion above focused on photoheterolysis through the 
singlet manifold to generate a singlet cation, some photoheterolysis reactions are 
reported to go through the triplet state.50-52  A natural question is whether the 
same substituent effects apply similarly to the triplet excited state, which would 
presumably undergo heterolysis to triplet carbocations to conserve spin.  
Typically one expects the triplet state to be lower in energy than the singlet 
excited state, given identical orbital occupation, due to the favorable exchange 
energy of the unpaired electrons.  Thus, cations with low-energy singlet excited 
states should similarly have low-energy triplet excited states.  
 Indeed, the cations favored photochemically above generally have low-
energy triplet states.  In some cases the triplet state is the ground state for the 
carbocation.  The classic view of a carbenium ion is an approximately sp2-
hybridized closed-shell species with an empty p orbital.  However, meta-donor 
substituted benzyl cations have very recently been found to have low-energy or 
ground-state, triplet-ion diradical states1 and antiaromatic cations,53 ortho/para 
donor-substituted phenyl cations,54 and band N EN.CITE <EndNote><Cite><Au55 
are known to have triplet ground states.  It is probably no coincidence that every 
known carbocation that has a low energy, or ground-state, triplet state belongs to 
a class of molecules that is favored from photoheterolysis. 
Low-energy triplet states for the cations suggest that the 
p,p* triplet surface may parallel the singlet surface.  Here, the first triplet excited s
tate T1 would have a conical intersection with a low-energy or ground triplet T0 
surface.  For instance, mechanistic studies indicate that the p-hydroxyphenacyl 
system proceeds through a 
p,p* triplet surface and the intermediacy of a triplet cation,52 and the p-substituted 
phenyl cations are generated on the triplet surface.6,11,51  Thus, those 
photoreactions that are favored through the singlet manifold may also be favored 
in a p,p* triplet manifold as well.  The same substituent effects described above 
for the singlet excited state may similarly apply to the triplet 
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p,p* excited state.  Additionally, the presence of low-energy triplet states for man
y cations resulting from photoheterolysis suggests that the singlet-triplet gap of th
e carbocation may also prove to be a useful probe of a nearby conical intersectio
n, with a ground state or low-energy triplet state of the carbocation implying a low
-lying singlet-diradical state and a nearby conical intersection with the closed-she
ll state. 
 
5.4 Discussion  
The preponderance of successful photochemical substrates leading to 
cations with excited states resembling non-Kekule ion diradicals led us to 
consider related structures that would have lowered-energy excited states.  The 
simplest non-Kekule diradical is the trimethylene methane diradical.  The 
analogous cation of this structure bearing a donor substituent, 2-aminoallyl cation 
3, would be expected to have a low-energy excited state, while the conjugated 1-
aminoallyl cation 2 would not be expected to have this lowered energy excited 
state.  Indeed, the energy from S0 minimum to S1 minimum for 2 is 88.2 kcal/mol 
while the same gap for 3 is 43.8 kcal/mol (See Fig. 2).  Additionally, the energy 
gap between the conical intersection and the S1 minimum for 2 and 3 are 7.5 
kcal/mol and 2.7 kcal/mol, respectively, supporting the idea that the 2-aminoallyl 
cation may have access to a productive conical intersection during 
photoheterolysis, in contrast to the 1-aminoallyl system.  These systems would 
represent a simple but spectacular demonstration of the substituent orthogonality 
between thermal and photochemical substrate preferences for heterolysis. 
 It should be noted that alternative mechanisms are available for 
photoheterolysis other than direct non-adiabatic heterolysis via a conical 
intersection located on the cation.  For instance, the aromatic ion 21, for which 
our calculations on the model system 15 indicates has a high-energy conical 
intersection, is generated efficiently from photolysis, but arises via a less-
common adiabatic mechanism, with formation of the singly-excited carbocation 
that relaxes by fluorescence to yield the ground-state ion pair.  Additionally, by 
neglecting the leaving group, we are also not considering the possibility of a 
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conical intersection between the diradical and zwitterionic forms (e.g. R• LG• and 
R+ LG-), so a mechanism involving homolytic scission followed by electron 
transfer may be available.  This mechanism may give rise to successful 
photoheterolysis pathways in systems yielding cations that do not have a conical 
intersection located on the cation moiety (e.g. possibly ortho-substituted benzylic 
systems). Generation of highly stabilized carbocations may also arise via hot 
ground-state photoreactions, although these mechanisms are thought to be rare.  
Thus, the cation conical intersection (or the vertical energy gap probe) may be 
more useful in suggesting new systems that are likely to have a productive 
conical intersection along the heterolysis coordinate than in suggesting systems 
that will be photostable.   
Several other peculiar phenomena fit into place in light of viewing 
photoheterolysis reactions as being governed by conical intersection control, 
such as why substrates that undergo photoheterolysis reactions often lead to 
carbocations that have ground-state or low-energy triplet diradical states: A low-
energy triplet diradical state implies a low-energy singlet diradical state and a 
nearby conical intersection between the closed-shell and diradical configurations.  
This idea also explains why photoheterolysis reactions to make reactive 
intermediates other than carbocations are largely successful independent of 
structure (e.g. photoheterolysis of azides to make nitrenes), because reactive 
intermediates like carbenes, nitrenes, and nitrenium ions inherently have low-
lying diradical states (and by implication, a ‘built-in’ nearby conical intersection), 
whereas carbocations in the default case do not (e.g. the singlet-triplet energy 
gap of CH3+, NH2+, NH, and CH2 is ca. -50, 29, 36, and 9 kcal/mol, 
respectively56).15  Additionally, this hypothesis provides an explanation of why 
'bad' leaving groups in the ground state, such as hydroxides or alkoxides, can be 
'good' leaving groups in the excited state, because making a high-energy ion pair 
would elevate the ground-state surface.57 
 
5.5 Conclusion 
 In conclusion, we have shown that carbocations favored from 
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photoheterolysis tend to have nearby, low-energy conical intersections while 
stable carbocations from thermal heterolysis tend to have high-energy, distant 
conical intersections.  These findings lend support to the idea that conical 
intersection control leads to the frequent inverted substrate preferences between 
non-adiabatic photoheterolysis and thermal heterolysis. It is clear from a great 
deal of work into conical intersections that the dynamics of the surface crossings 
are dramatically affected by the topography of the conical intersections 
(peaked/sloped).  There may prove to be additional insights by computing 
detailed surfaces and trajectory simulations for these photo reactions, with the 
leaving group, preferably with explicit water solvation.  The idea that these 
photoheterolysis reactions may be governed by conical intersection control could 
facilitate the design of new photocages with improved light absorbing properties 
by searching for substrates leading to carbocations with a favorable built-in 
conical intersection.   
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CHAPTER 6. CONCLUSION 
 
6.1 Switch-on Paramagnetic Organic Probes 
In conclusion, this research has demonstrated a non-covalently reversible 
organoparamagnetic switch based on a linked-viologen dyad that can be cycled 
between diamagnetic and paramagnetic forms without radical decomposition 
using non-covalent chemistry in room-temperature water. In addition to the 
applications described in the introduction, it is noted that there is considerable 
interest in developing biological EPR probes capable of detecting diamagnetic 
species such as enzymes for use in EPR-based sensing and animal imaging 
using EPRI and PEDRI.1-3 Current EPR spin probes and spin traps are 
essentially limited to the detection of paramagnetic biological species, which are 
small in number. However, since this report describes a molecule that has a 
switch-on of EPR signal by a diamagnetic molecule (CB[7]), the overall strategy 
of shifting a diamagnetic dimer/paramagnetic diradical equilibrium by a 
diamagnetic species may represent a promising avenue for achieving switch-on 
EPR probes for diamagnetic analytes. 
The switchable nature of viologen dyad was also explored and could be 
switched via temperature changes.  UV-Vis and EPR experiments indicate that 
the diamagnetic pimer/paramagnetic diradical equilibrium can be manipulated 
reversibly in aqueous solution by changing the temperature, leading to changes 
in magnetic and optical properties of the viologen.  Stimuli-responsive polymers 
may permit synthetic materials that change their properties in response to 
temperature changes.  The possibility of achieving the responsive changes in 
physical properties by changes in the quantum mechanical property of the 
electron spin of a material is an intriguing one.  Additionally, spin-switchable 
organic species may find use as switch-on magnetic resonance biological 
probes. 
 The polymers proposed above was completed by expanding the dyad to a 
polymer of ~7,000 Daltons.  The polymer was formed from a monomer of 1,3-
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diiodopropane and 4,4-bipyridine, and it showed similar switch-on properties as 
the dyad when it comes to CB[7] and temperature.  The EPR experiments 
reveal that the diamagnetic form of a reduced poly(propyl viologen) can be 
reversibly switched between a diamagnetic form and a paramagnetic form by 
non-covalent binding or by heating, leading to changes in optical and 
magnetic properties.  Such spin-crossover organic materials may find use in 
stimuli-responsive bulk materials, where the change in properties of the 
material arises from a change in the spin configuration of the building blocks. 
 
6.2 Predictive Photoheterolysis Through Conical Intersection Control 
 IT has been shown that carbocations favored from photoheterolysis tend 
to have nearby, low-energy conical intersections while stable carbocations from 
thermal heterolysis tend to have high-energy, distant conical intersections.  
These findings lend support to the idea that conical intersection control leads to 
the frequent inverted substrate preferences between non-adiabatic 
photoheterolysis and thermal heterolysis. It is clear from a great deal of work into 
conical intersections that the dynamics of the surface crossings are dramatically 
affected by the topography of the conical intersections (peaked/sloped).  There 
may prove to be additional insights by computing detailed surfaces and trajectory 
simulations for these photoreactions, with the leaving group, preferably with 
explicit water solvation.  The idea that these photoheterolysis reactions may be 
governed by conical intersection control could facilitate the design of new 
photocages with improved light absorbing properties by searching for substrates 
leading to carbocations with a favorable built-in conical intersection.   
 
6.3 References 
 
 (1) Zweier, J. L.; Chzhan, M.; Samouilov, A.; Kuppusamy, P., Phys. 
Med. Biol. 1998, 43, 1823. 
 (2) Fujii, S.; Suzuki, Y.; Yoshimura, T.; Kamada, H., Am. J. Physiol-
Gastr. L. 1998, 274, G857. 
	  	  
69	  
 (3) Subramanian, S.; Devasahayam, N.; McMillan, A.; Matsumoto, S.; 
Munasinghe, J. P.; Saito, K.; Mitchell, J. B.; Chandramouli, G. V. R.; Krishna, M. 
C., J. Magn. Reson. 2012, 214, 244. 
 
	  
  
	  	  
70	  
APPENDIX A. SUPPORTING INFORMATION FOR 
CHAPTER 2 
 
A.1 Synthetic and UV/Vis Cycling Methods 
1,1’’-(propane-1,3-diyl)bis(([4,4’-bipyridin]-1-ium)) iodide 4 was prepared 
by N-alkylation of 0.40 g (2.6 mmol) of 4,4’-bipyridine with 90 μL of 1,3-
diiodopropane (0.78 mmol) using a modified alkylation procedure described by 
Imabayashi et al.3 The bipyridine was placed in a 5 mL round-bottomed flask 
charged with a magnetic stir bar and dissolved in 2 mL of a 5:2 DMF:MeOH 
mixture.  The diiodopropane was added dropwise over a period of 2 min, after 
which the flask was fitted with a reflux condenser and heated to 70oC for 24 h. 
Toluene was then added to the solution, and the solvents were removed under 
vacuum as a minimum-boiling azeotrope.  The resulting solid was washed with 
acetone and chloroform to remove unreacted starting materials, after which the 
solid was dried in vacuo.  After drying, the solid was hot filtered using 95% 
ethanol and then dried in vacuo to afford 0.20 grams of the reddish solid 4 (54% 
yield). 1H NMR (600 MHz, D2O): δ 9.37 (d, 4H, J=6.0 Hz), 8.99 ppm (d, 4H, 
J=6.0 Hz), 8.66 (d, 4H, J=6.0 Hz), 8.31 (d, 4H, J=6.0 Hz), 5.03 (t, 4H, J=6.0 Hz), 
2.98 (t, 2H, J=6.0 Hz).  13C NMR (600 MHz, D2O): δ 154.4, 148.8, 147.5, 147.2, 
128.1, 125.5, 59.3, 33.6.  HRMS (EI) M2+I- requires 480.0884 m/z, found 
481.0811. 
 
1’,1’’’-(propane-1,3-diyl)bis(1-methyl-[4,4’-bipyridine]-1,1’-dium) iodide 1 
was also synthesized by a modified procedure from Imabayashi et al.3  0.20 g of 
1 (0.33 mmol) was added to a 10 mL round-bottomed flask charged with a stir 
bar and dissolved in 4 mL of 1:3 DMF:MeOH.  Then, 1.23 mL of methyl iodide 
(19.8 mmol) was added to the solutions, fit with a reflux condenser, and reacted 
at 80 oC for 24 h.  Then, toluene was added to the solution and the solvent was 
azeotropically removed under a vacuum.  The dry solid was washed with acetone 
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to remove any unreacted starting material and then hot filtered using 90% 
ethanol in water and dried in vacuo to afford 0.23 g of the red-colored salt 1 in 
79% yield.  1H NMR (400 MHz, CD3OD): δ 9.26 (d, 4H, J=8.0 Hz), 9.07 (d, 2H, 
J=4.0 Hz), 8.63 (d, 4H, J=8.0 Hz), 8.55 (d, 4H, J=4.0 Hz), 5.01 (t, 4H, J=4.0 Hz), 
2.98 (m, 2H, J=4.0 Hz).  13C NMR (400 MHz, CD3OD): δ 150.7, 149.5, 146.3, 
145.7, 127.4, 126.7, 58.2, 48.4, 31.8.  HRMS (EI) of M+ requires 384.2314 m/z, 
found 384.2308. 
 
The diradical dimer 2 was prepared by a modified chemical reduction of 
Komers.4  A solution comprised of 0.26 mg of 1 in 3 mL of pH 9.6 water (0.045 M 
NaHCO3/0.0091 M NaOH buffer), was added to a round-bottom flask and 
degassed by bubbling argon through the solution for 60 min.  Meanwhile, sodium 
dithionite (6.7 mg, 0.038 mmol) was added to a quartz cuvette in a glove box and 
sealed with a septum and parafilm.  The solution of 1 was cannulated into the 
cuvette containing the dithionite to generate the diradical dimer. 
 
A.2 Job Plot Experiments 
X (Chi) 
Normalized 
Absorbance at 
513nm 
(A-Ao)(1-XCB[7])  
(x10-3) 
0 0.6158 0 
0.1 0.6144138 1.24758 
0.2 0.611523567 3.421146667 
0.3 0.606617333 6.427866667 
0.4 0.599872667 9.5564 
0.5 0.592264 11.768 
0.6 0.5810875 13.885 
0.7 0.566926667 14.662 
0.8 0.545168 14.1264 
0.9 0.501509 11.4291 
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X (Chi) 
Avg. Abs. 
(260 nm) 
Avg. 
Concentration 
Corrected Abs. @ 
260nm A-Ao(1-XCB[7]) 
Δ[A-Ao(1-
ΧCB[7])] 
0 0.4219 0.4219 0  
0.05 0.41795 0.418167334 0.017362334  
0.2 0.40285 0.403865182 0.066345182 0.048982848 
0.35 0.38275 0.38481685 0.11058185 0.044236668 
0.5 0.35165 0.3551665 0.1442165 0.03363465 
0.65 0.2998 0.305364288 0.157699288 0.013482788 
0.8 0.2519 0.261976 0.177596 0.019896712 
 
 
Table 1: UV/Vis Job Plot data of 2 (30 μM, 3.0 mL) solution in water titrated with CB[7] (3.0 
mM) to specified molar ratios (X). 
Table 2: Data for Job’s Plot at 260 nm of 1 (10 μM, 2.5 mL) solution in water titrated with 
CB[7] (1.0mM) to specified molar ratios (X).  
Figure 1: UV/Vis Spectra of 1 (10 μM, 2.5 mL) solution in water titrated with CB[7] (1.0mM) 
to specified molar ratios (X).  
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Chi 
Avg. Abs. @ 
260nm 
Avg. Concentration 
Corrected Abs. @ 
260nm 
A-Ao(1-
XCB[7]) 
Δ[A-Ao(1-
XCB[7])] 
Figure 2: Job Plot at 260 nm of 1 (10 μM, 2.5 mL) solution in water titrated with CB[7] 
(1.0mM) to specified molar ratios (X).  
Figure 3: UV/Vis Spectra of propyl viologen (10 μM, 2.5 mL) solution in water titrated with 
CB[7] (1.0mM) to specified molar ratios (X).  
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0 0.2314 0.2314 0  
0.05 0.2278 0.227918456 0.008088456  
0.2 0.2161 0.216644572 0.031524572 0.023436116 
0.35 0.20175 0.20283945 0.05242945 0.020904878 
0.5 0.1791 0.180891 0.065191 0.01276155 
0.65 0.1579 0.160830624 0.079840624 0.014649624 
0.8 0.16375 0.1703 0.12402 0.044179376 
 
Figure 4: Job’s Plot at 260 nm of propyl viologen (10 μM, 2.5 mL) in water titrated with CB[7] 
(1.0mM) solution in water to specified molar fractions (X). 
Table 3: Data for Job’s Plot at 260 nm of propyl viologen (10 μM, 2.5 mL) in water titrated 
with CB[7] (1.0mM) solution in water to specified molar fractions (X). 
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Figure 5: EPR Job’s Plot of diradical dication 2 peak height corrected for background of the 
dimer without CB[7].  Completed using a .01M solution of 1 in a .005M dithionite pH 9.6 
solution and a .01M CB[7] pH 9.6 solution. 
Figure 6: EPR Job’s Plot of diradical dication 2. Spin concentration is relative to a TEMPONE 
external standard and corrected for background of the dimer without CB[7].  Change in spin 
concentration is between consecutive points, .15 Chi apart.  Completed using a .01M solution 
of 1 in a .005M dithionite pH 9.6 solution and a .01M CB[7] pH 9.6 solution. 
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Chi 
Spin 
Concentratio
n (mM) 
Peak 
Height 
Corrected 
Spin 
Concentration 
(mM) 
Δ(Spin 
Concentration
) (mM) 
Correcte
d Peak 
Height 
0 0.334 29552 0  0 
0.05 0.409 32704 0.075  3152 
0.2 0.538 44704 0.204 0.129 15152 
0.35 0.619 51968 0.285 0.081 22416 
0.5 0.682 58816 0.348 0.063 29264 
0.65 0.986 75031 0.652 0.304 45479 
0.8 1.01 63104 0.676 0.024 33552 
 
 
UV/Vis Experiments on Diradical Dication.  Job Plot data of the diradical dication 
was collected by titration of 3.0 mL of 30 μM tetracation 1 reduced in degassed 
pH 9.6 water (0.045 M NaHCO3/0.0091 M NaOH buffer) by excess sodium 
dithionite and titrated with a 3.0 mM CB[7] buffered solution in a 1 cm path length 
quartz cuvette.  The CB[7] was added to form molar ratios (chi) 0, 0.1, 0.2, 0.3, 
0.4, 0.5, 0.6, 0.7, 0.8, and 0.9 through subsequent additions of CB[7] to the same 
cuvette.  This was done by first scanning 2 then 3.0 μL of the CB[7] solution was 
added and scanned again.  Another 4.0 μL of CB[7] was added for a total 
volume of 7.0 μL with another scan.  This process was continued on both 2 with 
total CB[7] solution volumes of 13, 20, 30, 45, 70, 120 and 270 μL for molar 
ratios 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9, respectively.  The process was then 
repeated for each solution to allow for error averaging. 
 
UV/Vis Experiments on Diradical Dication Precursor.  Job Plot data of the dimer 
Table 4: Data for EPR Job’s Plot of diradical dication 2. Spin concentration is relative to a 
TEMPONE external standard and corrected for background of the dimer without CB[7].  
Change in spin concentration is between consecutive points, .15 Chi apart.  Completed using 
a .01M solution of 1 in a .005M dithionite pH 9.6 solution and a .01M CB[7] pH 9.6 solution. 
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precursors was collected by titration of 2.5 mL of 10 μM tetracation 1 and 
dication 4 aqueous solutions of in pH 9.6 water (0.045 M NaHCO3/0.0091 M 
NaOH buffer) in separate 1 cm path length quartz cuvettes with 1.0 mM CB[7] 
buffered solution.  The CB[7] was added to form molar ratios (chi) 0, 0.05, 0.2, 
0.35, 0.5, 0.65, and 0.8 through subsequent additions of CB[7] to the same 
cuvette.  This was done by first scanning 1 and 4 separately and then 1.3 μL of 
the CB[7] solution was added and scanned again.  Another 5 μL of CB[7] was 
added for a total volume of 6.3 μL with another scan.  This process was 
continued on both 1 and 4 with total CB[7] solution volumes of 13.5, 25, 46.4, 
and 100 μL for molar ratios 0.35, 0.5, 0.65, and 0.8 respectively.  The process 
was then repeated for each solution to allow for error averaging.  All data was 
collected and plotted as Absorbance vs. Wavelength.  The absorbance at 260 
nm was used to identify the amount of binding in both samples.  This 
absorbance, A, was plotted as Δ(A-Ao(1-ΧCB[7])) vs. ΧCB[7], where Ao is the 
absorbance at 0 chi and ΧCB[7] is the molar ratio of CB[7], to afford the Job's 
Plots.  
 
A.3 EPR Cycling Experiments 
 X-Band EPR spectra were acquired on a Bruker EMX instrument, 
equipped with a frequency counter and nitrogen flow temperature control (130–
320 K).  Solutions were made in a glove bag filled with argon from stock solutions 
of tetracation 1 (20 mM), sodium dithionite (10 mM), and CB[7] (10 mM), in 
degassed pH 9.6 carbonate buffer.  In PCR tubes1-7; molar ratios of 0, 0.05, 
0.20, 0.35, 0.50, 0.65, and 0.80 CB[7] were made by varying the ratios of these 
stock solutions.  To tubes 1-7, respectively, 0.100, 0.095, 0.080, 0.065, 0.050, 
0.035, and 0.020 mL of stock solution of 1 was added and followed by equal 
amounts of dithionite stock solution to reduce the tetracation to 2.  Next, to tubes 
2-7, respectively, 0.01, 0.04, 0.07, 0.10, 0.13, and 0.16 mL of the CB[7] stock 
solution was added to create 0.20 mL solutions of varying ratios.  Finally, all 
solutions were drawn into a 0.6 mm I.D. quartz capillary tube, sealed with 
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parafilm, and placed inside a 4 mm O.D. quartz EPR tube.  The EPR spectrum 
was acquired twice for each sample, and the EPR spin concentration, relative to 
a TEMPONE external standard, was determined; S8 and S9 represent the 
average of two measurements. 
 
Tube Equiv. 
CB[7] 
Equiv. 
3 
EPR 
label 
Double 
integration 
(× 108) 
Nominal 
concentration 
(mM) 
Spin 
concentration 
(%) 
1 0 0 JP580r6 
JP580r11 
1.424 1.0 5.0 
2 3 0 JP580r7 
JP580r12 
3.128 1.0 11 
5 9 3 JP580r8 
JP580r13 
5.242 1.0 19 
6 9 6 JP580r14 
JP580r15 
3.156 1.0 11 
Ref.1 0 0 JP580r5 
JP580r10 
0.2180 0.7 100 
3 6 0 JP580r18 
JP580r22 
5.585 1.0 19 
4 9 0 JP580r19 
JP580r23 
6.909 1.0 23 
7 9 9 JP580r17 
JP580r21 
1.394 1.0 4.6 
Ref.2 0 0 JP580r16 
JP580r20 
0.2322 0.7 100 
1 0 0 JP580r25 
JP580r32 
1.316 1.0 4.4 
2 3 0 JP580r26 
JP580r33 
3.318 1.0 11 
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3 6 0 JP580r27 
JP580r34 
5.634 1.0 19 
4 9 0 JP580r28 
JP580r35 
7.297 1.0 24 
5 9 3 JP580r29 
JP580r39 
5.344 1.0 18 
6 9 6 JP580r30 
JP580r40 
3.107 1.0 10 
Ref.3 0 0 JP580r24 
JP580r31 
0.2284 0.7 100 
7 9 9 JP580r42 
JP580r50 
1.211 1.0 4.0 
Ref.4 0 0 JP580r41 
JP580r49 
0.2351 0.7 100 
Table 5: EPR data for on-off switching experiment. Spin concentration is relative to a TEMPONE 
reference where 100 % corresponds to full conversion of tetracation 1 to a diradical 2.  Instrument 
settings for 2 were as follows: modulation amplitude = 1 G and receiver gain = 2.00 × 105.  
Settings for TEMPONE were: modulation amplitude = 3 G and receiver gain = 1.59 × 103.  All 
other settings, including  microwave power attenuation (10 dB, power = 20.5 mW) and sweep 
width (150 G), were the same. 
 
A.4 EPR Simulation Data. 
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Figure 7: Representative EPR (X-Band) spectra corresponding to on-off switching experiment. 
 
 The values for the variable parameters for 2 are: relative concentration of 
97 %, Lorentzian linewidth of 0.050 mT, g-shift of 0.324 mT (g-value =  2.0031), 
14N-splitting of 0.466 mT for two nuclei, 1H-splitting of 0.380 mT for three N-CH3 
nuclei, 1H-splitting of 0.419 mT for two N-CH2 nuclei, 1H-splitting of 0.127 mT for 
four Ar-H nuclei, and 1H-splitting of 0.154 mT for four Ar-H nuclei.  The values for 
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the variable parameters for the sulfur dioxide radical anion are: relative 
concentration of 3 %, Lorentzian linewidth of 0.075 mT, g-shift of –0.132 mT (g-
value = 2.0056, lit. 2.005337) 
 
A.5 Binding Isotherms 
Binding isotherm of 1.  Data of the dimer precursor 1 was collected by titration of 
2.5 mL of 10 μM tetracation 1  in an aqueous solution in pH 9.6 water (0.045 M 
NaHCO3/0.0091 M NaOH buffer) in a 1 cm path length quartz cuvette with 1.0 
mM CB[7] buffered solution.  All data was collected and plotted as ΔAbsorbance 
at 260 nm vs. Concentration of CB[7].   Association constants were determined 
through use of fitting software developed for Matlab.1  
 
 
Figure 8:  Binding isotherm of 1 (10 μM, 2.5 mL) solution in water titrated with CB[7] 
(1.0mM)..  K1~5.7x105 M-1 and K2~1.7x105 M-2.  Hill Coefficient determined from α = 4K2 /K1 . Hill 
coefficient = 1.19.1  Above 0.1mM concentration, CB[7] starts to absorb significantly at 260 nm 
and so greater binding concentrations were not pursued. 
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Binding isotherm of 2.  Binding isotherm data of the diradical dication 2 was 
collected by titration of 2.5 mL of 30 μM tetracation 1 reduced in degassed pH 
9.6 water (0.045 M NaHCO3/0.0091 M NaOH buffer) by excess sodium dithionite 
and titrated with a 20.0 mM CB[7] buffered solution in a 1 cm path length quartz 
cuvette.  All data was collected and plotted as ΔAbsorbance at 513 nm vs. 
Concentration of CB[7].   Association constants were determined through the use 
of fitting program  written for MatLab.1 
 
Figure 9: Binding isotherm of 2 (30 μM, 3.0 mL) solution in buffered water titrated with CB[7] 
(3.0mM).  K1~2.6x104 and K2~7.7x103.  Hill Coefficient determined from α = 4K2 /K1 . Hill 
coefficient = 1.16. 
 
A.6 Cyclic Voltammetry 
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A.7 UV-Vis Paramagnetic/Diamagnetic Cycling Experiments. 
Solutions of tetracation 1 (100 uM), CB[7] (18.75 mM), and 3 (18.75 mM) 
were prepared in pH 9.6 water (0.045 M NaHCO3/0.0091 M NaOH buffer) and 
degassed by sparging for 40 min with argon.  Meanwhile, a quartz cuvette with 1 
cm path length was charged with 9.8 mg sodium dithionite in a glove box and 
fitted with a septum before removal from the box.  The cuvette was affixed to a 
schlenk line and allowed to purge with argon further before being filled with 2.5 
mL of solution of 1.  A UV-Vis scan was taken after this and after every addition 
of alternating additions of solutions CB[7] (40 mL) and 3 (40 mL), thereafter. 
 
Figure 10: Cyclic Voltammogram of 1 without CB[7] (blue) and with 2 equiv. CB[7] (red). 
Glassy carbon electrode (7.85*10-7 cm2) for solutions containing .81 mM 1 in the presence of 0 
and 2 equiv. CB[7].  Medium: 0.2 M NaCl. Scan rate: 0.1 V/s.  Data is consistent with reported 
data.2 
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Figure 12: Full Scan of varying concentrations of 2 in buffer showing the qualitative 
similarities between concentrations 30 μM, 150 μM, and 250 μM.   
Figure 11: Full Scan of dilution corrected UV-Vis spectrum of 2 obtained by alternate 
additions of 2 equiv. predissolved CB[7] and 2 equiv. of predissolved 3 to a 100 μM solution 
of 2 in buffer. 5 sequential cycles within a single cuvette are shown. 
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A.8 NMR and Mass Spectroscopy of Compounds 
 
 
Figure 13: 1H NMR of 1 in D2O. 
N N
N N
I
I
I
I
1
	  	  
86	  
Figure 14: 13C NMR of 1 in D2O 
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Figure 15: Accurate mass spectrometry of 1 using electrospray ionization and calculation of 
actual versus calculated mass. 
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Figure 16: 1H NMR of 4 in MeOD. 
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Figure 17: 13C NMR of 4 in MeOD. 
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A.9 Computational Methods 
 
Computational studies were done using broken-symmetry density functional 
theory functional M06 with basis set 6-31G(d,p) using the Gaussian 09 
software.5,6  The intramolecular dimer and the intermolecular dimer without the 
discrete sigma bond were first optimized with UM06 6-31G(d,p).  Upon 
completion, the final geometry was found to be unstable with the methods used 
and this geometry was used with the orbitals read in as a read, mix, save 
Figure 18: Accurate mass spectroscopy of 4 using electrospray ionization and calculation of 
actual versus calculated mass. 
N
N
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optimization with eh same functional and basis set.  The intermolecular dimer 
with a discrete sigma bond was calculated as stated above and the final 
geometry was found to be stable with the method used.  All final geometries 
showed no imaginary frequencies and <S>2 values of 0. 
 
A.10 Computational Coordinates 
 
Intramolecular diradical dication singlet UM06 6-31G(d,p) 
Absolute Energy (a.u., sum of electronic and zero point) = -1186.655907 
Hartrees 
 
     Coordinates (Angstroms) 
Atom        X                   Y                      Z 
 ----------------------------------------------------- 
H        5.034369    1.298922    1.145752 
C        1.202476    1.778277    1.249100 
C        2.588424    1.570468   -1.106571 
C       -2.886707    3.067455   -1.194023 
C       -2.914176    3.105887    1.150769 
C       -1.636141    2.633973    1.200251 
C       -0.893618    2.369067    0.013889 
C        2.541357    1.527922    1.248235 
C       -1.607820    2.595869   -1.197744 
C        4.717536    1.275509    0.096780 
C       -4.881326    3.940359   -0.060208 
C        5.199664   -0.000149   -0.575734 
C        1.251195    1.818270   -1.151115 
C        0.477155    1.969795    0.037159 
N        3.257115    1.427314    0.084308 
N       -3.550563    3.330188   -0.033385 
H        3.110523    1.424692    2.167682 
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H       -3.433995    3.267679   -2.110267 
H        0.808922    1.941263   -2.134188 
H        3.195270    1.516232   -2.005449 
H       -1.151637    2.421800   -2.166052 
H        0.719597    1.854230    2.217738 
H       -1.199473    2.500325    2.183911 
H       -3.481781    3.339390    2.046513 
H        5.163558    2.150533   -0.391521 
C        1.202338   -1.778405    1.249023 
C        2.588161   -1.570541   -1.106715 
C       -2.886956   -3.067558   -1.193892 
C       -2.914510   -3.105431    1.150907 
C       -1.636445   -2.633583    1.200314 
C       -0.893868   -2.368992    0.013915 
C        2.541239   -1.528157    1.248091 
C       -1.608049   -2.596044   -1.197689 
C        4.717379   -1.275865    0.096563 
C        1.250912   -1.818247   -1.151192 
C        0.476927   -1.969798    0.037118 
N        3.256939   -1.427519    0.084134 
N       -3.550871   -3.329978   -0.033208 
H        3.110476   -1.425080    2.167512 
H       -3.434232   -3.268000   -2.110098 
H        0.808560   -1.941106   -2.134245 
H        3.194952   -1.516307   -2.005630 
H       -1.151810   -2.422285   -2.166026 
H        0.719534   -1.854459    2.217691 
H       -1.199818   -2.499705    2.183961 
H       -3.482145   -3.338682    2.046696 
H       -4.800446    5.031340   -0.082627 
H       -5.439535    3.637853    0.827813 
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H       -5.420136    3.600138   -0.946617 
C       -4.881673   -3.940058   -0.060056 
H       -5.439508   -3.638344    0.828464 
H       -4.800858   -5.031023   -0.083503 
H       -5.420827   -3.598991   -0.945936 
H        5.163301   -2.150864   -0.391874 
H        5.034228   -1.299470    1.145526 
H        6.296093   -0.000214   -0.561380 
H        4.927636   -0.000037   -1.639837 
 
Intramolecular diradical dication triplet UM06 6-31G(d,p) 
Absolute Energy (a.u., sum of electronic and zero point) = -1186.679347 
Hartrees 
 
                 Coordinates (Angstroms) 
Atom       X                      Y                   Z 
 --------------------------------------------------------------------- 
H       -0.087790    0.717650   -0.852890 
C        3.433835   -0.793626   -0.018155 
C        3.019527    1.827380   -0.709744 
C        8.324270   -0.124266   -0.121067 
C        7.489432   -2.280180    0.287014 
C        6.206608   -1.833771    0.174609 
C        5.917263   -0.467288   -0.103992 
C        2.173425   -0.302228   -0.149263 
C        7.060885    0.370304   -0.245863 
C        0.584635    1.537650   -0.571753 
C        9.923731   -1.953781    0.214430 
C        0.162062    2.181547    0.742831 
C        4.296284    1.380129   -0.585647 
C        4.584434    0.026490   -0.230721 
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N        1.941919    1.001997   -0.504498 
N        8.554407   -1.441353    0.145856 
H        1.290606   -0.913755    0.013003 
H        9.205893    0.500980   -0.222367 
H        5.088288    2.093697   -0.784616 
H        2.786326    2.850983   -0.989221 
H        6.965833    1.432093   -0.444173 
H        3.527330   -1.837129    0.262124 
H        5.417908   -2.567337    0.299534 
H        7.726267   -3.319375    0.493086 
H        0.553083    2.271073   -1.389271 
C       -4.037059    1.113916   -0.924607 
C       -2.857142    1.350930    1.538861 
C       -7.613582   -1.708837    0.976856 
C       -7.657045   -1.226297   -1.319886 
C       -6.504076   -0.507225   -1.218208 
C       -5.834905   -0.348206    0.029360 
C       -2.927850    1.881794   -0.757509 
C       -6.458741   -1.002220    1.130425 
C       -1.172896    2.908118    0.659565 
C       -3.966557    0.575849    1.419110 
C       -4.640031    0.418962    0.168598 
N       -2.321508    2.018577    0.465425 
N       -8.222138   -1.831075   -0.236634 
H       -2.476534    2.435187   -1.576327 
H       -8.105832   -2.205157    1.807504 
H       -4.328335    0.093411    2.320557 
H       -2.350280    1.497804    2.488567 
H       -6.041270   -0.954482    2.129893 
H       -4.457336    1.069018   -1.923323 
H       -6.119428   -0.063281   -2.129713 
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H       -8.180919   -1.353065   -2.262290 
H       10.283662   -2.218329   -0.784432 
H        9.949076   -2.837535    0.854291 
H       10.576228   -1.192139    0.645803 
C       -9.501012   -2.532105   -0.361835 
H       -9.571195   -2.987512   -1.351501 
H      -10.332908   -1.835114   -0.222571 
H       -9.559154   -3.320702    0.390554 
H       -1.344703    3.480339    1.577940 
H       -1.172614    3.632060   -0.164054 
H        0.922881    2.913856    1.045222 
H        0.133189    1.421499    1.537172 
 
Intermolecular diradical dication input with sigma bond UM06 6-31G(d,p) 
Absolute Energy (a.u., sum of electronic and zero point) = -1462.606107 
Hartrees  
 
                  Coordinates (Angstroms) 
Atom        X                    Y                    Z 
 --------------------------------------------------------------------- 
N        1.746566   -3.170240   -1.838884 
C        1.687179   -3.234291   -0.463583 
C        0.952076   -2.397299    0.284748 
C        1.031089   -2.178271   -2.449142 
C        0.277032   -1.279001   -1.782512 
C        0.140323   -1.256993   -0.278688 
C       -1.352105   -1.460048   -0.014992 
C       -1.836431   -2.642327    0.559369 
C       -3.187429   -2.853115    0.706616 
N       -4.085890   -1.935341    0.290683 
C       -3.657348   -0.777400   -0.257429 
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C       -2.316521   -0.520532   -0.417224 
H       -2.027748    0.418183   -0.881980 
H       -1.143639   -3.418597    0.870728 
H       -3.596559   -3.758024    1.148014 
H       -4.432524   -0.080844   -0.564614 
H        1.089081   -2.166182   -3.535906 
H       -0.318513   -0.587629   -2.374514 
H        2.286564   -4.021822   -0.012302 
H        0.985138   -2.506656    1.366898 
C        2.706092   -3.981298   -2.588391 
C        4.076743   -3.332245   -2.683615 
H        2.288689   -4.159290   -3.588145 
H        2.772984   -4.962187   -2.100044 
C        5.049791   -4.195613   -3.466903 
H        4.453766   -3.147683   -1.666608 
H        3.967909   -2.344485   -3.156753 
H        5.184927   -5.173988   -2.991587 
H        6.033936   -3.725412   -3.538377 
H        4.692167   -4.371109   -4.488156 
6       -5.538501   -2.165859    0.499993 
C       -5.999401   -1.632764    1.845181 
H       -5.711971   -3.243783    0.410513 
H       -6.066435   -1.681755   -0.329254 
C       -7.488809   -1.867275    2.033963 
H       -5.765592   -0.560079    1.905386 
H       -5.425266   -2.124630    2.643009 
H       -8.074587   -1.363860    1.256888 
H       -7.823776   -1.483603    3.000490 
H       -7.733459   -2.934554    1.999996 
H        3.865867    2.629421    3.236231 
H        0.600925    5.479647   -2.617976 
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H       -1.412359    4.438208   -3.711972 
H       -0.886635    6.861477   -4.207520 
H        4.241259    0.214287    3.803349 
H        5.327664    2.063922    5.222586 
C       -0.303591    5.229261   -2.052343 
C        3.441815    2.196114    4.154087 
C        0.625623    2.955955   -2.073235 
C        4.329457    2.499041    5.348306 
N       -0.074083    3.908645   -1.415390 
C        2.944654    0.239321    1.544447 
C       -1.533135    5.215566   -2.943821 
C        3.268027    0.700266    3.953133 
H        4.031215    0.243031    1.492562 
C       -1.744353    6.575019   -3.589111 
N        2.419079    0.372541    2.808052 
C       -0.601070    3.633456   -0.203381 
H        1.018008    3.239937   -3.045914 
C        0.837178    1.717021   -1.519722 
H        4.455137    3.575574    5.489837 
C        1.058915    0.252220    2.939120 
C       -0.419358    2.404851    0.388942 
C        2.193971    0.057509    0.444454 
C        0.321046    1.397025   -0.247567 
H       -1.151428    4.440108    0.273496 
H        0.691749    0.267452    3.963511 
H       -2.627023    6.567789   -4.232874 
H        1.433449    1.000546   -2.074053 
C        0.223521    0.088554    1.896262 
H        2.696177   -0.123920   -0.503797 
H       -0.816070    2.240998    1.386915 
C        0.681400    0.088335    0.458060 
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H       -0.832766   -0.060108    2.115270 
H        2.449721    2.653882    4.283292 
H       -0.398076    5.967266   -1.248269 
H       -2.408829    4.931523   -2.342699 
H       -1.890815    7.357025   -2.835974 
H        2.825000    0.238259    4.845456 
H        3.905755    2.091349    6.273507 
 
Intermolecular diradical dication input without sigma bond UM06 6-31G(d,p) 
Absolute Energy (a.u., sum of electronic and zero point) = -1462.657092 
Hartrees 
 
                  Coordinates (Angstroms) 
Atom        X                    Y                    Z 
 --------------------------------------------------------------------- 
N       -0.077674   -3.536962    1.661650 
C        1.111283   -2.868645    1.623985 
C        1.168404   -1.508693    1.555909 
H        2.002289   -3.489320    1.663675 
C       -0.016315   -0.713193    1.535333 
H        2.154121   -1.055762    1.536270 
C       -1.234622   -1.455548    1.571854 
C       -1.235794   -2.816975    1.643241 
C        0.015966    0.713405    1.535249 
C        1.234269    1.455777    1.571596 
C        1.235426    2.817215    1.642790 
N        0.077296    3.537189    1.661170 
C       -1.111650    2.868860    1.623716 
C       -1.168761    1.508899    1.555816 
H       -2.154475    1.055960    1.536325 
H        2.198713    0.957926    1.567848 
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H        2.152169    3.397557    1.701216 
H       -2.002655    3.489535    1.663435 
C        0.105383    4.991181    1.899468 
C        0.048379    5.326609    3.380560 
H       -0.740718    5.434422    1.359978 
H        1.020604    5.384606    1.440529 
C        0.099559    6.828039    3.605269 
H        0.885222    4.829263    3.891176 
H       -0.871518    4.902613    3.807964 
H        1.027263    7.260107    3.213060 
H        0.051177    7.065894    4.670625 
H       -0.738962    7.336100    3.115486 
C       -0.105711   -4.990922    1.900140 
C       -0.047840   -5.326219    3.381235 
H        0.740030   -5.434293    1.360186 
H       -1.021246   -5.384339    1.441820 
C       -0.099376   -6.827617    3.606095 
H       -0.884190   -4.828560    3.892347 
H        0.872482   -4.902515    3.808013 
H       -1.027557   -7.259364    3.214658 
H       -0.050229   -7.065404    4.671430 
H        0.738561   -7.336019    3.115666 
H       -2.199059   -0.957686    1.568105 
H       -2.152548   -3.397283    1.701798 
H        4.902697   -0.872204   -3.807813 
H       -4.902712    0.872161   -3.807869 
H       -5.434363    0.740062   -1.360020 
H        5.434407   -0.740465   -1.359913 
H       -7.336200    0.738256   -3.115412 
H        7.336177   -0.738899   -3.115367 
H        7.065789    0.050508   -4.670851 
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C       -1.455608   -1.234571   -1.571613 
C       -2.868718    1.111319   -1.624107 
C        2.817148    1.235486   -1.642942 
C        2.868796   -1.111589   -1.623885 
C        1.508835   -1.168705   -1.555953 
C        0.713343    0.016020   -1.535345 
C       -2.817038   -1.235762   -1.642920 
C        1.455713    1.234321   -1.571704 
C       -4.991005   -0.105749   -1.899872 
C        5.326523    0.047935   -3.380763 
C        6.827941    0.099303   -3.605512 
C        4.991111    0.105429   -1.899684 
C       -5.326380   -0.048112   -3.380953 
C       -1.508762    1.168462   -1.556131 
C       -6.827783   -0.099724   -3.605750 
C       -0.713259   -0.016253   -1.535361 
N       -3.537028   -0.077646   -1.661486 
N        3.537123    0.077360   -1.661350 
H       -7.065618   -0.050719   -4.671082 
H       -3.397356   -2.152524   -1.701265 
H        3.397483    2.152234   -1.701359 
H       -1.055834    2.154187   -1.536770 
H       -3.489407    2.002309   -1.663963 
H        0.957858    2.198760   -1.567878 
H       -0.957733   -2.198999   -1.567646 
H        1.055901   -2.154422   -1.536509 
H        3.489475   -2.002590   -1.663639 
H       -4.828703   -0.884510   -3.891974 
H        4.829013    0.884492   -3.891686 
H       -7.259484   -1.027871   -3.214187 
H       -5.384358   -1.021219   -1.441370 
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H        7.259825    1.027267   -3.213715 
H        5.384493    1.020829   -1.441066 
 
TD-DFT computational studies were done using broken-symmetry density 
functional theory functional M06 with basis set 3-21G+* using the Gaussian 09 
software.5,6  All structures were optimized as above and the final geometry 
coordinates for each structure was used as the input geometry for the TD-DFT 
studies.  Below are the eight computed excitation energies for each of the 
compounds. 
 
Intramolecular diradical dication singlet TD-DFT 
 
 Excited State   1:  3.000-A      -0.4052 eV    -3059.85 nm  f=-0.0000  
<S**2>=2.000 
    102A ->103A        0.78450 
    102B ->103B       -0.78450 
    102A <-103A       -0.34174 
    102B <-103B        0.34174 
 This state for optimization and/or second-order correction. 
  
 Excited State   2:  1.000-A      0.7873 eV 1574.78 nm  f=0.2044  <S**2>=0.000 
    102A ->103A        0.94332 
    102B ->103B        0.94332 
    102A <-103A       -0.62560 
    102B <-103B       -0.62560 
  
 Excited State   3:  3.000-A      1.6376 eV  757.11 nm  f=0.0000  <S**2>=2.000 
    102A ->104A        0.68286 
    102A ->105A       -0.14721 
    102B ->104B       -0.68286 
    102B ->105B        0.14721 
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 Excited State   4:  3.000-A      1.7169 eV  722.13 nm  f=0.0000  <S**2>=2.000 
    102A ->104A        0.14303 
    102A ->105A        0.68610 
    102B ->104B       -0.14303 
    102B ->105B       -0.68610 
  
 Excited State   5:  1.000-A      1.9079 eV  649.83 nm  f=0.0009  <S**2>=0.000 
    102A ->104A        0.69455 
    102A ->105A        0.10722 
    102B ->104B        0.69455 
    102B ->105B        0.10722 
  
 Excited State   6:  3.000-A      1.9140 eV  647.78 nm  f=0.0000  <S**2>=2.000 
    102A ->106A        0.63403 
    102A ->107A        0.28385 
    102B ->106B       -0.63403 
    102B ->107B       -0.28385 
  
 Excited State   7:  3.000-A      1.9560 eV  633.87 nm  f=0.0000  <S**2>=2.000 
    102A ->106A       -0.27929 
    102A ->107A        0.63751 
    102B ->106B        0.27929 
    102B ->107B       -0.63751 
  
 Excited State   8:  1.000-A      2.1986 eV  563.92 nm  f=0.0001  <S**2>=0.000 
    102A ->106A        0.69887 
    102B ->106B        0.69887 
 
Intermolecular diradical dication input with sigma bond TD-DFT 
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Excited State   1:  3.000-A      1.6443 eV  754.03 nm  f=0.0000  <S**2>=2.000 
    130A ->133A        0.17867 
    131A ->132A        0.66477 
    131A ->133A        0.12912 
    130B ->133B       -0.17867 
    131B ->132B       -0.66477 
    131B ->133B       -0.12912 
 This state for optimization and/or second-order correction. 
  
 Excited State   2:  3.000-A      1.7829 eV  695.40 nm  f=0.0000  <S**2>=2.000 
    130A ->132A        0.46495 
    131A ->132A       -0.11719 
    131A ->133A        0.50907 
    130B ->132B       -0.46495 
    131B ->132B        0.11719 
    131B ->133B       -0.50907 
  
 Excited State   3:  1.000-A      1.8482 eV  670.83 nm  f=0.0256  <S**2>=0.000 
    130A ->133A        0.11436 
    131A ->132A        0.68778 
    131A ->133A        0.10209 
    130B ->133B        0.11436 
    131B ->132B        0.68778 
    131B ->133B        0.10209 
  
 Excited State   4:  1.000-A      1.9560 eV  633.87 nm  f=0.0160  <S**2>=0.000 
    130A ->132A        0.18809 
    131A ->133A        0.67069 
    130B ->132B        0.18809 
    131B ->133B        0.67069 
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 Excited State   5:  3.000-A      2.0461 eV  605.95 nm  f=0.0000  <S**2>=2.000 
    130A ->132A        0.52357 
    131A ->133A       -0.46722 
    130B ->132B       -0.52357 
    131B ->133B        0.46722 
  
 Excited State   6:  3.000-A      2.1754 eV  569.95 nm  f=0.0000  <S**2>=2.000 
    130A ->133A        0.67576 
    131A ->132A       -0.18963 
    130B ->133B       -0.67576 
    131B ->132B        0.18963 
  
 Excited State   7:  1.000-A      2.1788 eV  569.05 nm  f=0.0479  <S**2>=0.000 
    130A ->132A        0.64284 
    130A ->133A       -0.21118 
    131A ->133A       -0.19208 
    130B ->132B        0.64284 
    130B ->133B       -0.21118 
    131B ->133B       -0.19208 
  
 Excited State   8:  1.000-A      2.3186 eV  534.74 nm  f=0.0636  <S**2>=0.000 
    130A ->132A        0.21461 
    130A ->133A        0.66024 
    131A ->132A       -0.11463 
    130B ->132B        0.21461 
    130B ->133B        0.66024 
    131B ->132B       -0.11463 
 
Intermolecular diradical dication input without sigma bond TD-DFT 
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Excited State   1:  3.000-A      -0.3720 eV    -3333.12 nm  f=-0.0000  
<S**2>=2.000 
    131A ->132A        0.75549 
    131B ->132B       -0.75549 
    131A <-132A        0.26866 
    131B <-132B       -0.26866 
 This state for optimization and/or second-order correction. 
  
 Excited State   2:  1.000-A      1.5781 eV  785.67 nm  f=0.2486  <S**2>=0.000 
    131A ->132A        0.74884 
    131B ->132B        0.74884 
    131A <-132A       -0.25145 
    131B <-132B       -0.25145 
  
 Excited State   3:  3.000-A      1.9725 eV  628.56 nm  f=0.0000  <S**2>=2.000 
    131A ->133A        0.69892 
    131B ->133B       -0.69892 
  
 Excited State   4:  3.000-A      1.9863 eV  624.18 nm  f=0.0000  <S**2>=2.000 
    131A ->134A        0.69590 
    131B ->134B       -0.69590 
  
 Excited State   5:  3.000-A      2.1822 eV  568.15 nm  f=0.0000  <S**2>=2.000 
    131A ->135A        0.69073 
    131B ->135B       -0.69073 
  
 Excited State   6:  3.000-A      2.2136 eV  560.09 nm  f=0.0000  <S**2>=2.000 
    131A ->136A        0.69279 
    131B ->136B       -0.69279 
  
 Excited State   7:  1.000-A      2.3010 eV  538.82 nm  f=0.0085  <S**2>=0.000 
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    131A ->133A        0.66643 
    131A ->136A       -0.23370 
    131B ->133B        0.66643 
    131B ->136B       -0.23370 
  
 Excited State   8:  1.000-A      2.3353 eV  530.91 nm  f=0.0093  <S**2>=0.000 
    131A ->134A        0.63905 
    131A ->135A        0.30047 
    131B ->134B        0.63905 
    131B ->135B        0.300477-12 
 
A.10 Miscellaneous Information 
 
 Figure 19: UV-Vis absorbance of dimer 2 immediately after formation (blue) and after 24 
h sealed on the bench top (red). 
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APPENDIX B. SUPPORTING INFORMATION FOR 
CHAPTER 3 
B.1 UV/Vis Temperature Cycling  
 
Figure 1: UV-vis spectra of 20 µM aqueous solution of 2a in buffer at 5, 15, 25, 35, 45, 55, 65°C. 
(Inset) Reversibility studies of 20 µM solution of 2a in buffer. Five sequential cycles for one 
sample are shown. 837 nm (blue line) and 958 nm (red line).   
 
 
Figure 2: Full UV-vis spectra of 100 µM aqueous solution of 2a in buffer at 5-95°C temperature 
range. 
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B.2 EPR Temperature Cycling 
Temperature, 
°C 
Cycle Spin Conc (mM) Relative Radical 
Increase 
25 1 0.20 1 
90 1 0.28 1.42 
25 2 0.19 .96 
90 2 0.28 1.45 
25 3 0.19 .96 
90 3 0.28 1.41 
Table 1: EPR data for thermomagnetic reversible switch. Spin concentration and % radical are 
shown for three subsequent heating-cooling cycles. 
 
 
Figure 3: EPR spectra of 2 mM aqueous solution of 2a in buffer. Five subsequent cycles at 25°C 
and 90°C (left) and overlapped spectra of 25°C and 90°C for each single cycle (right) are shown. 
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Figure 4: a) UV-vis spectra of 100 µM solution of 2a in pure DMSO at 30, 70, and 97°C. b) 
Reversibility studies of 100 µM solution of 2a in pure DMSO. Three sequential cycles for one 
sample are shown: 541 nm (blue line), 610 nm (red line), and 859 nm (grey line).   
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APPENDIX C. SUPPORTING INFORMATION FOR 
CHAPTER 4 
C.1 Synthesis of Polymer 
 
Figure 1: Synthesis of ionene polymer 
 
Synthesis of poly(propyl viologen) (3). The synthesis was adapted from a known 
procedure.1 0.75 g of 4,4’-bipyridine was added to 20 mL of DMF in a 50 mL rbf.  
The solution was stirred with a stir bar until the bipyridine completely dissolved.  
To the bipyridine solution was added 0.653 mL of 1,3-dibromopropane and the 
entire solution was sealed and stirred at 60°C for 5 days.  After 5 days, an 
additional 0.2514 g of bipyridine was dissolved in 10 mL of DMF and added to 
the solution.  This was allowed to react for an additional day.  The solution was 
then allowed to cool to room temperature where the solid that crashed out could 
be removed via filtration and washing with ethyl acetate.  After washing, the solid 
was dissolved in minimal amounts of methanol and poured into a beaker filled 
with ethyl acetate.  This new solid was removed via filtration, washed with ethyl 
acetate, and allowed to dry under vacuum. 1H-NMR and 13C-NMR were 
consistent with reported polymers.1 
 
Determination of molecular weight. Average molecular weight of the polymer was 
determined by integration of the 1H-NMR due to practical difficulties of MALDI 
and GPC. The synthesis of (3) resulted in polymers that were terminated by 
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bipyridines, as evidenced by the relatively small peaks related to the CH2Br 
hydrogens.  Degree of polymerization (Xn) could therefore be determined by the 
ratio of the peaks attributed to the H in the chain viologen (the aromatic doublets, 
for a relative integration value of 4 hydrogens per unit each) over twice the 
doublet at 7.96, assigned to the end bipyridine, with a relative integration value of 
4 when accounting for both ends. Since the chain lengths are sufficiently short, 1 
is added to this number to account for the unit on the end.  Polymers synthesized 
using the above procedure have Xn between 9-20, with the polymers used for all 
the experiments tested falling around Xn= 15.  Multiplying this number by the 
monomer molecular weight (358.08) gives an average molecular weight between 
(Mn)=3,200 and 7,100 which was near the range previously reported for this 
polymer. 
 
C.2 UV-Vis studies 
The UV-Vis spectrum were collected with the Agilent 8453 UV-Vis 
spectrometer and Agilent chemstation software. A constant temperature bath 
equipped with a water pump was used for temperature control.  
Temperature switching: A 100 µM solution of the propyl-linked polymer (3) 
dissolved in pH = 9.6 sodium hydroxide/sodium bicarbonate buffer was degassed 
using sparging.  Meanwhile, the sodium dithionite was retrieved from a glove box 
and sealed in a round-bottomed flask to maintain an inert atmosphere.  Once 
sparging was done, the analyte solution was cannulated into the rbf containing 
the sodium dithionite.  Finally the reduced analyte solution was cannulated into a 
septumed 1cm pathlength quartz cuvette. The cuvette was kept under an argon 
atmosphere for the duration of the experiments. Spectrum was taken every 5°C, 
allowing 15 minutes for temperature to equilibrate. Decay of signal was 
monitored at 499nm. The new peak growth at 960 required a correction to 
accommodate the overlapping decay of a broader peak.  The correction was 
made by drawing a straight line from the absorbance at 900nm to the 
absorbance at 1000 nm and then taking the difference in absorbance between 
the absorbance at 960nm to this new baseline. 
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Figure 2: UV-vis of the reduced form of 3 in buffered aqueous solution at 100 µM, highlighting 
the growth of the 960 nm peak. 
 
Figure 3: UV-vis of figure S5 showing the straight-line correction for the growth of the peak at 
960nm. 
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Figure 4: Plot of the absorbance (from the baseline linear correction of figure S6 of the reduced 
form of 3 at increasing temperatures. 
 
C.3 Jobs Plot Experiment  
The jobs plot experiment was carried out by titration of 2.5 mL of 
degassed 100 μM solution of the propyl-linked polymer (3) reduced by sodium 
dithionite in pH = 9.6 sodium hydroxide/sodium bicarbonate buffer using 0.01 M 
CB[7] solution degassed in the same buffer in a 1 cm path length quartz cuvette.  
The CB[7] was added to form molar ratios (chi) 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 
0.7, 0.8, 0.9, and 0.99 through subsequent additions of CB[7] to the same 
cuvette.  This was completed by first scanning 3 then 2.8 μL of the CB[7] 
solution was added and scanned again.  Another 3.5 μL of CB[7] was added for 
a total volume of 6.3 μL and scanned again.  This process was continued with 
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total CB[7] volumes of 10.8, 16.8, 25.1, 37.6, 58.6, 100.6, 220.6, and 660.6 μL 
for molar ratios 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 0.99, respectively. 
 
 
Figure 5: Graphical results of the JOBS Plot with increasing mole fraction of CB[7] monitored at 
604 nm (red) and 100 nm (black). 
 
 
C.4 EPR Experiments 
CB[7] Switching: 3 mL of 10 mM solution of the propyl-linked polymer (3) 
dissolved in pH = 9.6 sodium hydroxide/sodium bicarbonate buffer was degassed 
using sparging.  Meanwhile, the sodium dithionite was retrieved from a glove box 
and sealed in a round-bottomed flask to maintain an inert atmosphere.  0.034 g 
of CB[7] was also weighed into a third rbf, sealed with a septum, and degassed.  
Once sparging was done, the analyte solution was cannulated into the rbf 
containing the sodium dithionite and swirled to stir.  The reduced solution was 
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cannulated into the CB[7] and swirled to allow for binding.  Finally, the reduced 
analyte solution was cannulated into a custom made EPR tube, 3mm ID/4mm 
OD top and ~30mm of 1mm ID/2mm OD bottom, capped by a septum.  The 
solution was then cycled in the EPR using a nitrogen flow to maintain the heat.  
The spin concentration was calculated via double integration of the signal versus 
the known standards in the bruker software for our EPR. 
 
C.5 Temperature Switching 
A 10 mM solution of the propyl-linked polymer (3) dissolved in pH = 9.6 
sodium hydroxide/sodium bicarbonate buffer was degassed using sparging.  
Meanwhile, the sodium dithionite was retrieved from a glove box and sealed in a 
round-bottomed flask to maintain an inert atmosphere.  Once sparging was done, 
the analyte solution was cannulated into the rbf containing the sodium dithionite.  
Finally the reduced analyte solution was cannulated into a custom made EPR 
tube, 3mm ID/4mm OD top and ~30mm of 1mm ID/2mm OD bottom, capped by 
a septum.  The solution was then cycled in the EPR using a nitrogen flow to 
maintain the heat.  The spin concentration was calculated via double integration 
of the signal versus the known standards in the bruker software for our EPR. 
The EPR parameters for all experiments are as follows: Modulation Frequency = 
100 kHz, Modulation Amplitude = 1.0 G, Receiver Gain = 50 dB, time constant = 
.08 ms, conversion time = 20.48 ms, sweep time = 83.89 s, center field = 3335 G, 
sweep width = 70.0 G, microwave attenuation = 20 dB, microwave power = 1.984 
mW, number of points = 4096, and number of averaged scans = 8. 
  
Experiment Spin Conc. (M) Percent Radical 
25 C with CB[7] 0.002779 27.79 
25 C Cycle 1 0.0009395 9.395 
90 C Cycle 1 0.001115 11.15 
25 C Cycle 2 0.0009394 9.394 
90 C Cycle 2 0.001089 10.89 
25 C Cycle 3 0.0009317 9.317 
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90 C Cycle 3 0.00116 11.6 
25 C Cycle 4 0.0009263 9.263 
90 C Cycle 4 0.00106 10.6 
Table 1: EPR experimental results of the temperature and CB[7] switching.  Spin concentration 
calculated from double integration of the EPR signal.  
 
 
Figure 6: Plot of UV-Vis aborbance of the reduced version of 3 at 499 nm with increasing 
temperature from 5°C-65°C. 
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Figure 7: Absorbance of the reduced form of 3 at 5 °C to 65 °C back to 5 °C. Amount of time 
between scans was based on how long it took for absorbance to remain constant, which for 
heating was approximately 30 minutes, and for cooling was approximately 3 hours. 
 
C.6 NMR Spectra 
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Figure 8: 1H-NMR of 3 in D2O 
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Figure 9: 13C-NMR of 3 in 95% Deuterated methanol 5% water  
 
C.7 Color Change of Magnetic Switching  
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Figure 10: Aqueous buffer solution of the reduced 3 at 25°C (top middle) with color change to 
dark purple by addition of CB[7] (right) or to peach with heating (left). Color returned to the 
original fushia upon cooling to room temperature (bottom middle).  The middle two and the figure 
on the right are all from the same experiment. The cuvette on the right is a representative color 
change from a different experiment. 
 
C.8 References 	   (1) Shimomura, M.; Utsugi, K.; Horikoshi, J.; Okuyama, K.; Hatozaki, 
O.; Oyama, N. Langmuir 1991, 7, 760. 
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APPENDIX D. SUPPORTING INFORMATION FOR 
CHAPTER 5 
 
D.1 TD-DFT Methods 
All TD-DFT computations were done using the Gaussian 091 software.  
The Geometries were first optimized using RB3LYP with a 6-31G(d) basis set 
and found to have no imaginary frequencies, unless noted otherwise.  The TD-
DFT computation was done using RTD-B3LYP with a 6-311G(2d,p) basis set.  
The difference density plots show the electrons moving from the lavender-
colored regions to the aqua-colored regions 
 
Cation 1 
 
Standard orientation:                          
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                    Y                   Z 
 --------------------------------------------------------------------- 
      6            C        0.000000    0.000000    0.493939 
      1            H        0.000000    0.000000    1.580574 
      6            C        0.000000    1.191415   -0.211399 
      1            H        0.000000    2.154478    0.296816 
      6            C        0.000000   -1.191415   -0.211399 
      1            H        0.000000   -1.206520   -1.300526 
      1            H        0.000000   -2.154478    0.296816 
      1            H        0.000000    1.206520   -1.300526 
 --------------------------------------------------------------------- 
 
Sum of electronic and zero-point Energies=  -116.903504 
Electronic Energy = -116.97221885 
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Excitation energies and oscillator strengths: 
Excited State   1: 5.0572 eV    
  
Difference Density Plot: 
 
 
 
 
Cation 2 
 
Standard orientation:                           
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                     Y                  Z 
 --------------------------------------------------------------------- 
     6            C        0.000000    0.649127    0.000000 
     1            H        0.941020    1.196603    0.000000 
     6            C        0.014528   -0.778896    0.000000 
     1            H       -0.930708   -1.316952    0.000000 
     6            C        1.196155   -1.434286    0.000000 
     7            N       -1.085256    1.370763    0.000000 
     1            H       -2.012804    0.950043    0.000000 
     1            H       -1.050579    2.387005    0.000000 
     1            H        1.237581   -2.519428    0.000000 
     1            H        2.148179   -0.908281    0.000000 
 --------------------------------------------------------------------- 
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Sum of electronic and zero-point Energies= -172.317670 
Electronic Energy = -172.40619238 
 
Excitation energies and oscillator strengths: 
Excited State   1: 5.6281 eV   
  
Difference Density Plot: 
 
 
 
Cation 3 
 
The DFT optimization yielded a minimum with 1 imaginary frequency with Cs 
symmetry applied and did not yield a minimum for the compound without forming 
a cyclopropane ring with C1.  So, the MCSCF geometry was read in and used as 
single point energy for the TD-DFT calculation. 
 
Standard orientation:                          
 --------------------------------------------------------------------- 
Atomic             Coordinates (Angstroms) 
Type             X                    Y                     Z 
 --------------------------------------------------------------------- 
C           -1.19438      -0.75479       0.00000 
H         -2.16478      -0.29553       0.00003 
H         -1.13834      -1.82344      -0.00003 
C          0.00006       0.01661       0.00000 
C          1.20071      -0.74509      -0.00003 
H          2.16736      -0.27794      -0.00005 
H          1.15336      -1.81415      -0.00003 
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N         -0.00523      1.32206       0.00002 
H          0.84095      1.85258       0.00003 
H         -0.85571      1.84568       0.00007 
 --------------------------------------------------------------------- 
 
Electronic Energy = -171.2614260994 
 
Excitation energies and oscillator strengths: 
Excited State   1:          2.1275 eV  
  
Difference Density Plot: 
 
 
 
Cation 4 
 
Standard orientation:                          
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                      Y                 Z 
 --------------------------------------------------------------------- 
      6            C        0.000000    1.202340    0.350214 
      6            C        0.000000    0.787437   -0.934095 
      6            C        0.000000   -0.787437   -0.934095 
      6            C        0.000000   -1.202340    0.350214 
      1            H        0.000000    2.214283    0.731853 
      1            H        0.000000    1.388961   -1.836800 
      1            H        0.000000   -1.388961   -1.836800 
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      1            H        0.000000   -2.214283    0.731853 
      6            C        0.000000    0.000000    1.160981 
      1            H        0.000000    0.000000    2.250583 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies=  -193.073045 
Electronic Energy = -193.15300669 
 
Excitation energies and oscillator strengths: 
Excited State   1:  0.8657 eV 
 
Difference Density Plot: 
 
 
 
Cation 5 
 
Standard orientation:                          
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                   Y                   Z 
 --------------------------------------------------------------------- 
     6            C        0.000000    1.612080    0.000000 
     6            C        1.571662   -0.358722    0.000000 
     6            C        0.699455   -1.452434    0.000000 
     6            C       -0.699455   -1.452434    0.000000 
     6            C        1.260375    1.005116    0.000000 
     1            H        0.000000    2.699510    0.000000 
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     1            H       -1.171273   -2.432174    0.000000 
     1            H        1.171273   -2.432174    0.000000 
     1            H        2.631828   -0.600697    0.000000 
     1            H        2.110562    1.683117    0.000000 
     6            C       -1.260375    1.005116    0.000000 
     1            H       -2.110562    1.683117    0.000000 
     6            C       -1.571662   -0.358722    0.000000 
     1            H       -2.631828   -0.600697    0.000000 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies=  -270.559085 
Electronic Energy = -270.678588 
 
Excitation energies and oscillator strengths: 
Excited State   1: 4.8277 eV 
 
Difference Density Plot: 
 
 
 
 Cation 6 
 
Standard orientation:                           
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                    Y                    Z 
 --------------------------------------------------------------------- 
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      6            C        0.696885    1.339299    0.000273 
      6            C       -0.734385    1.310442   -0.067885 
      6            C       -1.694313    2.266113   -0.007080 
      1            H       -1.414253    3.308123    0.113747 
      1            H       -2.752083    2.024198   -0.064664 
      6            C        0.672225   -0.092049   -0.067756 
      6            C        1.630920   -1.048954   -0.006611 
      1            H        2.672003   -0.765473    0.114225 
      1            H        1.392453   -2.107522   -0.063900 
      7            N       -0.751090   -0.112986   -0.245736 
      1            H       -1.358395   -0.722039    0.297254 
      1            H        1.461971    2.106631   -0.005024 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies= -248.410768 
Electronic Energy = -248.50716850 
 
Excitation energies and oscillator strengths: 
Excited State   1: 1.8824 eV 
 
Difference Density Plot: 
 
 
 
Compound 7 
1 imaginary Frequency = -84.81 
 
Standard orientation:                          
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
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Number       Type             X                    Y                  Z 
--------------------------------------------------------------------- 
    6            C       -1.206529   -1.459573    0.000000 
    6            C        0.062661   -2.209855    0.000000 
    6            C        1.292783   -1.407315    0.000000 
    6            C        1.250554   -0.045431    0.000000 
    6            C        0.000000    0.657192    0.000000 
    6            C       -1.217104   -0.099312    0.000000 
    1            H       -2.119761   -2.047471    0.000000 
    1            H        2.230859   -1.953493    0.000000 
    1            H        2.184466    0.504568    0.000000 
    1            H       -2.137931    0.475127    0.000000 
    6            C       -0.162286    2.136456    0.000000 
    8            O       -1.283745    2.676664    0.000000 
    8            O        0.084836   -3.445201    0.000000 
    6            C        1.049619    2.885500    0.000000 
    1            H        2.042365    2.455117    0.000000 
    1            H        0.973083    3.968472    0.000000 
--------------------------------------------------------------------- 
Sum of electronic and zero-point Energies=  -458.673691 
Electronic Energy = -458.79025841 
 
 
Excitation energies and oscillator strengths: 
Excited State   1: 0.8384 eV 
 
Difference Density Plot: 
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Cation 8 
 
Standard orientation:                          
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                   Y                    Z 
 --------------------------------------------------------------------- 
     6            C       -1.012987   -1.752981    0.000000 
     6            C       -1.876496   -0.607403    0.000000 
     6            C       -1.397943    0.679155    0.000000 
     6            C        0.000000    0.923613    0.000000 
     6            C        0.919331   -0.237126    0.000000 
     6            C        0.330577   -1.571068    0.000000 
     1            H       -1.444233   -2.747760    0.000000 
     1            H       -2.951718   -0.763549    0.000000 
     1            H       -2.082513    1.521956    0.000000 
     1            H        1.012557   -2.415651    0.000000 
     6            C        2.269625   -0.109343    0.000000 
     1            H        2.904852   -0.990362    0.000000 
     1            H        2.796377    0.840531    0.000000 
     7            N        0.448732    2.176339    0.000000 
     1            H       -0.199937    2.955087    0.000000 
     1            H        1.430844    2.416287    0.000000 
 --------------------------------------------------------------------- 
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Sum of electronic and zero-point Energies=  -325.909798 
Electronic Energy = -326.04466814 
 
Excitation energies and oscillator strengths: 
Excited State   1: 2.6468 eV   
  
Difference Density Plot: 
 
 
 
Cation 9 
 
Standard orientation:                          
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                   Y                    Z 
 --------------------------------------------------------------------- 
     6            C       -1.117061   -1.095870    0.000000 
     6            C        0.098283   -1.794020    0.000000 
     6            C        1.289798   -1.100972    0.000000 
     6            C        1.252457    0.341325    0.000000 
     6            C        0.000000    1.037118    0.000000 
     6            C       -1.204078    0.330598    0.000000 
     1            H       -2.043174   -1.666729    0.000000 
     1            H        0.085102   -2.878768    0.000000 
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     1            H        2.246153   -1.613399    0.000000 
     1            H        0.003204    2.123099    0.000000 
     6            C        2.438717    1.032306    0.000000 
     1            H        2.468023    2.119331    0.000000 
     7            N       -2.417524    0.936117    0.000000 
     1            H       -2.505381    1.941401    0.000000 
     1            H        3.394789    0.515253    0.000000 
     1            H       -3.274745    0.404083    0.000000 
 --------------------------------------------------------------------- 
 
Sum of electronic and zero-point Energies= -325.891982 
Electronic Energy = -326.02525362 
 
Excitation energies and oscillator strengths: 
Excited State   1: 1.5199 eV  
  
Difference Density Plot: 
 
 
 
Cation 10 
 
Standard orientation:                          
 --------------------------------------------------------------------- 
 Atomic       Atomic             Coordinates (Angstroms) 
 Number       Type             X                   Y                   Z 
 --------------------------------------------------------------------- 
     6            C        0.000000    1.245675    0.644140 
	  	  
135	  
     6            C        0.000000    0.000000    1.364066 
     6            C        0.000000   -1.245675    0.644140 
     6            C        0.000000   -1.241544   -0.713961 
     6            C        0.000000    0.000000   -1.464505 
     6            C        0.000000    1.241544   -0.713961 
     1            H        0.000000    2.177875    1.201248 
     1            H        0.000000   -2.177875    1.201248 
     1            H        0.000000   -2.179535   -1.261482 
     1            H        0.000000    2.179535   -1.261482 
     7            N        0.000000    0.000000    2.692425 
     1            H        0.000000   -0.862405    3.224810 
     1            H        0.000000    0.862405    3.224810 
     6            C        0.000000    0.000000   -2.824642 
     1            H        0.000000   -0.925423   -3.393896 
     1            H        0.000000    0.925423   -3.393896 
 --------------------------------------------------------------------- 
 
Sum of electronic and zero-point Energies= -325.923486 
Electronic Energy = -326.05893059 
 
Excitation energies and oscillator strengths: 
Excited State   1: 3.8367 eV 
 
Difference Density Plot: 
 
 
 
Cation 11 
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Standard orientation:                          
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                    Y                   Z 
 --------------------------------------------------------------------- 
     6            C        0.052023   -1.755432    0.000000 
     6            C       -1.197241   -1.015390    0.000000 
     6            C       -1.192696    0.389405    0.000000 
     6            C        0.000000    1.105826    0.000000 
     6            C        1.288339    0.371027    0.000000 
     6            C        1.221481   -1.086542    0.000000 
     1            H        0.023191   -2.840562    0.000000 
     1            H       -2.137984    0.924584    0.000000 
     1            H        2.162624   -1.627563    0.000000 
     6            C        2.496726    0.975955    0.000000 
     1            H        3.408242    0.386074    0.000000 
     7            N       -0.010316    2.447981    0.000000 
     1            H       -0.883235    2.958093    0.000000 
     7            N       -2.342132   -1.705569    0.000000 
     1            H       -2.348600   -2.717048    0.000000 
     1            H        2.642358    2.051605    0.000000 
     1            H       -3.242767   -1.244177    0.000000 
     1            H        0.831513    3.003024    0.000000 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies=  -381.278069 
Electronic Energy = -381.430061 
 
Excitation energies and oscillator strengths: 
Excited State   1:  2.9784 eV 
 
	  	  
137	  
Difference Density Plot: 
 
 
 
Cation 12 
 
Standard orientation:                           
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                   Y                    Z 
 --------------------------------------------------------------------- 
     6            C       -0.710637   -0.487521    0.092873 
     6            C        0.684485   -0.517374    0.045595 
     6            C        1.412421    0.711388   -0.072811 
     6            C        0.741744    1.975648   -0.147628 
     6            C       -0.653296    2.016370   -0.108024 
     6            C       -1.342888    0.781145    0.012748 
     1            H        1.227183   -1.455218    0.102078 
     1            H        1.326702    2.884895   -0.238850 
     1            H       -2.430578    0.808827    0.046082 
     7            N       -1.354955    3.179087   -0.212464 
     1            H       -2.346070    3.201979   -0.023389 
     1            H       -0.877328    4.067243   -0.168024 
     7            N       -1.462043   -1.613551    0.242677 
     1            H       -2.462967   -1.586235    0.116297 
     1            H       -1.033350   -2.524548    0.170365 
     6            C        2.785244    0.676479   -0.115407 
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     1            H        3.374867    1.585153   -0.204737 
     1            H        3.332403   -0.261092   -0.061268 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies=  -381.236533 
Electronic Energy = -381.38613713 
 
Excitation energies and oscillator strengths: 
Excited State   1: 1.2317 eV 
 
Difference Density Plot: 
 
 
 
Cation 13 
 
Standard orientation:                          
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                  Y                   Z 
 --------------------------------------------------------------------- 
     6            C        0.000000    1.254191    0.892416 
     6            C        0.000000    1.246116   -0.495893 
     6            C        0.000000    0.000000   -1.166671 
     6            C        0.000000   -1.246116   -0.495893 
     6            C        0.000000   -1.254191    0.892416 
     6            C        0.000000    0.000000    1.597314 
     1            H        0.000000    2.176208    1.460636 
     1            H        0.000000    0.000000   -2.253339 
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     1            H        0.000000   -2.176208    1.460636 
     6            C        0.000000    0.000000    2.969577 
     1            H        0.000000   -0.925927    3.538652 
     1            H        0.000000    0.925927    3.538652 
     8            O        0.000000   -2.314626   -1.298453 
     8            O        0.000000    2.314626   -1.298453 
     6            C        0.000000    3.626754   -0.714784 
     1            H       -0.900183    3.780845   -0.109490 
     1            H        0.900183    3.780845   -0.109490 
     1            H        0.000000    4.316686   -1.557106 
     6            C        0.000000   -3.626754   -0.714784 
     1            H        0.900183   -3.780845   -0.109490 
     1            H       -0.900183   -3.780845   -0.109490 
     1            H        0.000000   -4.316686   -1.557106 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies= -499.534766 
Electronic Energy = -499.71767391 
 
Excitation energies and oscillator strengths: 
Excited State   1: 1.8606 eV 
 
Difference Density Plot: 
 
 
 
Cation 14 
 
Standard orientation:                          
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 --------------------------------------------------------------------- 
Atomic       Atomic             Coordinates (Angstroms) 
Number       Type             X                    Y                  Z 
 --------------------------------------------------------------------- 
     6            C        0.000000    0.711555    0.251390 
     6            C        0.000000   -0.711555    0.251390 
     6            C        0.000000   -1.422353   -0.926553 
     6            C        0.000000   -0.687070   -2.163209 
     6            C        0.000000    0.687070   -2.163209 
     6            C        0.000000    1.422353   -0.926553 
     6            C        0.000000    1.130627    1.647403 
     6            C        0.000000    0.000000    2.473364 
     6            C        0.000000   -1.130627    1.647403 
     1            H        0.000000   -2.508587   -0.942005 
     1            H        0.000000   -1.233426   -3.100582 
     1            H        0.000000    1.233426   -3.100582 
     1            H        0.000000    2.508587   -0.942005 
     1            H        0.000000    2.160916    1.990810 
     1            H        0.000000    0.000000    3.555012 
     1            H        0.000000   -2.160916    1.990810 
 --------------------------------------------------------------------- 
 
Sum of electronic and zero-point Energies= -346.735518 
Electronic Energy = -346.86449664 
 
Excitation energies and oscillator strengths: 
Excited State   1: 1.1329 eV   
 
Difference Density Plot: 
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Cation 15 
 
Standard orientation:                          
 --------------------------------------------------------------------- 
 Atomic       Atomic             Coordinates (Angstroms) 
 Number       Type             X                   Y                   Z 
 --------------------------------------------------------------------- 
     6            C        0.000000    1.211168   -0.691904 
     6            C        0.000000    0.000000   -1.397436 
     6            C        0.000000   -1.211168   -0.691904 
     6            C        0.000000   -1.164267    0.683138 
     6            C        0.000000    1.164267    0.683138 
     1            H        0.000000    2.172171   -1.194082 
     1            H        0.000000   -2.172171   -1.194082 
     1            H        0.000000   -2.011652    1.358600 
     1            H        0.000000    2.011652    1.358600 
     8            O        0.000000    0.000000    1.330537 
     1            H        0.000000    0.000000   -2.483530 
 --------------------------------------------------------------------- 
 
Sum of electronic and zero-point Energies=  -268.386991 
Electronic Energy = -268.47646279 
 
Excitation energies and oscillator strengths: 
Excited State   1:  5.2175 eV   
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Difference Density Plot: 
 
 
 
Cation 16 
 
Standard orientation:                          
 --------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
Number       Type             X                  Y                    Z 
 --------------------------------------------------------------------- 
6                       C        1.197762    1.344122    0.002498 
6                       C       -0.200774    1.269809   -0.004776 
6                       C       -0.810110   -0.071077   -0.019572 
6                       C       -0.034983   -1.323444   -0.004097 
6                       C        1.361630   -1.219055    0.003169 
6                       C        1.595767    0.082740    0.003761 
1                       H        1.807233    2.223569    0.006719 
1                       H      -0.803791    2.153691   -0.000031 
1                       H      -0.520536   -2.276917    0.001130 
1                       H       2.078129   -2.013729    0.007830 
7                       N      -2.276828   -0.164838    0.009501 
1                       H      -2.623392    0.285588    0.832308 
1                       H      -2.655596    0.283101   -0.800366 
 --------------------------------------------------------------------- 
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Sum of electronic and zero-point Energies= -286.526701 
Electronic Energy= -286.62966925 
 
Excited State   1: 1.4503 eV 
 
Difference Density Plot: 
 
 
 
Compound 17 
 
Standard orientation:                          
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                   Y                    Z 
 --------------------------------------------------------------------- 
     6            C       -2.503932   -1.100231    0.000000 
     6            C       -1.336846   -1.846213    0.000000 
     6            C       -0.081193   -1.166977    0.000000 
     6            C        0.000000    0.258621    0.000000 
     6            C       -1.217672    1.057109    0.000000 
     6            C       -2.447509    0.293605    0.000000 
     1            H        1.006612   -3.020929    0.000000 
     1            H       -3.469812   -1.599729    0.000000 
     1            H       -1.356020   -2.931846    0.000000 
     6            C        1.094765   -1.936516    0.000000 
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     6            C        1.311144    0.873915    0.000000 
     1            H       -3.361746    0.881166    0.000000 
     6            C        2.468526    0.024860    0.000000 
     6            C        2.369288   -1.350405    0.000000 
     1            H        3.447697    0.497950    0.000000 
     1            H        3.258611   -1.972936    0.000000 
     8            O       -1.240686    2.314309    0.000000 
     6            C        1.534525    2.240346    0.000000 
     1            H        2.555107    2.615859    0.000000 
     1            H        0.698459    2.927305    0.000000 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies=  -498.982995 
Electronic Energy = -499.13829311 
 
Excitation energies and oscillator strengths: 
Excited State   1:  0.9940 eV 
 
Difference Density Plot: 
 
 
 
Cation 18 
 
Standard orientation:                           
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                    Y                   Z 
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 --------------------------------------------------------------------- 
     6            C       -5.169552   -2.096213   -0.237743 
     6            C       -3.788568   -2.046057   -0.172554 
     6            C       -3.142892   -0.793613   -0.021215 
     6            C       -3.887636    0.434380    0.050184 
     6            C       -5.302593    0.345304    0.076042 
     6            C       -5.906187   -0.921212   -0.096895 
     1            H       -1.205727   -1.719707    0.032098 
     1            H       -5.685546   -3.041981   -0.365032 
     1            H       -3.191201   -2.950040   -0.232933 
     6            C       -1.736032   -0.771406    0.075241 
     6            C       -3.117738    1.683524    0.079575 
     1            H       -6.992155   -0.973497   -0.103544 
     6            C       -1.681918    1.609633    0.226956 
     6            C       -1.003343    0.413352    0.230304 
     1            H       -1.132849    2.544621    0.293213 
     1            H        0.077107    0.383983    0.319017 
     7            N       -6.123192    1.449447    0.222747 
     1            H       -7.106134    1.238374    0.354340 
     1            H       -5.812015    2.167742    0.867435 
     6            C       -3.612464    2.943327   -0.149645 
     1            H       -4.643639    3.141291   -0.413296 
     1            H       -2.939681    3.795834   -0.148380 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies=  -479.497551 
Electronic Energy = -479.67973424 
 
Excitation energies and oscillator strengths: 
Excited State   1: 1.6914 eV 
 
Difference Density Plot: 
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Cation 19 
 
Standard orientation:                           
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                   Y                    Z 
 --------------------------------------------------------------------- 
     6            C       -5.260752   -2.429588   -0.101668 
     6            C       -3.857452   -2.381202   -0.129567 
     6            C       -3.128235   -1.172855   -0.202928 
     6            C       -3.848479    0.068661   -0.251192 
     6            C       -5.311081    0.026187   -0.222923 
     6            C       -5.974909   -1.254047   -0.147106 
     1            H       -1.207652   -2.158543   -0.189315 
     1            H       -5.768419   -3.386363   -0.044960 
     1            H       -3.301533   -3.315510   -0.093277 
     6            C       -1.717155   -1.199709   -0.226255 
     6            C       -3.089309    1.244674   -0.322609 
     1            H       -7.060626   -1.269839   -0.126900 
     6            C       -1.705240    1.208676   -0.346566 
     6            C       -0.977531   -0.014212   -0.300036 
     1            H       -3.572062    2.215540   -0.361350 
     1            H       -1.154822    2.143926   -0.405565 
     6            C       -6.113233    1.131863   -0.265548 
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     1            H       -7.194440    1.033777   -0.241969 
     1            H       -5.725931    2.143638   -0.324532 
     7            N        0.381538   -0.008520   -0.351969 
     1            H        0.897965    0.855768   -0.286735 
     1            H        0.908416   -0.857772   -0.212907 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies=  -479.505118 
Electronic Energy = -479.68595334 
 
Excitation energies and oscillator strengths: 
Excited State   1: 1.2526 eV 
 
Difference Density Plot: 
 
 
 
Cation 20 
  
Standard orientation:                          
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                    Y                   Z 
 --------------------------------------------------------------------- 
     6            C       -1.281996    0.718834    0.000000 
     6            C       -1.278870   -0.731780    0.000000 
     6            C       -0.043790   -1.434719    0.000000 
     6            C        1.203124   -0.752545    0.000000 
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     6            C        1.169573    0.634751    0.000000 
     1            H       -2.240381   -1.232035    0.000000 
     1            H        2.142740   -1.288976    0.000000 
     8            O        0.000000    1.311895    0.000000 
     8            O       -2.249201    1.430935    0.000000 
     6            C       -0.157938   -2.823168    0.000000 
     1            H        0.717040   -3.471294    0.000000 
     7            N        2.226296    1.449452    0.000000 
     1            H        3.170205    1.088979    0.000000 
     1            H        2.091200    2.452853    0.000000 
     1            H       -1.131887   -3.306569    0.000000 
 --------------------------------------------------------------------- 
 
Sum of electronic and zero-point Energies=  -436.998004 
Electronic Energy = -437.11001195 
 
Excitation energies and oscillator strengths: 
Excited State   1: 0.0485 eV 
  
 
 
Cation 21 
 
Standard orientation:                          
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                   Y                   Z 
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 --------------------------------------------------------------------- 
     6            C        0.000000    3.565032    0.763968 
     6            C        0.000000    2.348315    1.427201 
     6            C        0.000000    1.181406    0.660268 
     6            C        0.000000    1.219893   -0.766804 
     6            C        0.000000    2.493241   -1.407413 
     6            C        0.000000    3.641611   -0.652031 
     6            C        0.000000    0.000000   -1.455915 
     6            C        0.000000   -1.219893   -0.766804 
     6            C        0.000000   -1.181406    0.660268 
     6            C        0.000000   -2.348315    1.427201 
     1            H        0.000000   -2.280533    2.509381 
     6            C        0.000000   -3.565032    0.763968 
     6            C        0.000000   -3.641611   -0.652031 
     6            C        0.000000   -2.493241   -1.407413 
     1            H        0.000000    4.482748    1.344134 
     1            H        0.000000    2.280533    2.509381 
     1            H        0.000000    2.534118   -2.492451 
     1            H        0.000000    4.613518   -1.133807 
     1            H        0.000000   -4.482748    1.344134 
     1            H        0.000000   -4.613518   -1.133807 
     1            H        0.000000   -2.534118   -2.492451 
     8            O        0.000000    0.000000    1.315311 
     1            H        0.000000    0.000000   -2.543784 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies= -575.617231 
Electronic Energy = -575.80036167 
 
Excitation energies and oscillator strengths: 
Excited State   1:  2.7923 eV 
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Difference Density Plot: 
 
 
 
Compound 22 
 
Standard orientation:                          
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                   Y                   Z 
 --------------------------------------------------------------------- 
     6            C       -2.469916    0.486574    0.000000 
     6            C       -1.222146    1.179049    0.000000 
     6            C        0.000000    0.518646    0.000000 
     6            C        0.021650   -0.959718    0.000000 
     6            C       -1.201761   -1.679050    0.000000 
     6            C       -2.385875   -0.996539    0.000000 
     1            H       -1.229427    2.263110    0.000000 
     6            C        1.261688   -1.641705    0.000000 
     1            H       -1.174501   -2.766509    0.000000 
     1            H       -3.338776   -1.520038    0.000000 
     6            C        2.420830   -0.915371    0.000000 
     6            C        2.333737    0.533615    0.000000 
     1            H        1.271364   -2.728624    0.000000 
     1            H        3.394521   -1.395563    0.000000 
     8            O       -3.603793    1.008527    0.000000 
     7            N        1.168690    1.214037    0.000000 
     6            C        3.528590    1.231905    0.000000 
	  	  
151	  
     1            H        4.485005    0.719909    0.000000 
     1            H        3.520544    2.316810    0.000000 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies=  -515.010352 
Electronic Energy = -515.15236062 
 
Excitation energies and oscillator strengths: 
Excited State   1: 0.2279 eV 
 
Difference Density Plot: 
 
 
 
Cation 23 
 
Standard orientation:                           
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                    Y                   Z 
 --------------------------------------------------------------------- 
     6            C       -3.622922   -0.932872    0.044064 
     6            C       -2.208665   -0.917975    0.025702 
     6            C       -1.455702    0.251833   -0.003655 
     6            C       -2.143385    1.533578    0.010399 
     6            C       -3.620942    1.521278   -0.004143 
     6            C       -4.306960    0.250942    0.026708 
     1            H       -4.147465   -1.881592    0.069301 
     1            H       -1.713792   -1.884939    0.048137 
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     6            C       -0.000794    0.224964   -0.018746 
     6            C       -1.400495    2.697351    0.049629 
     1            H       -5.393082    0.257114    0.030008 
     6            C        0.008426    2.644434    0.059642 
     6            C        0.697725    1.450469    0.025186 
     1            H       -1.880319    3.668306    0.081893 
     1            H        0.567628    3.574722    0.091683 
     1            H        1.783468    1.443475    0.024736 
     6            C       -4.391334    2.645057   -0.063357 
     1            H       -5.474385    2.570965   -0.066608 
     1            H       -3.981552    3.647579   -0.116591 
     7            N        0.699157   -0.925884   -0.068084 
     1            H        0.275558   -1.835680   -0.162623 
     1            H        1.709646   -0.903208   -0.074544 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies=  -479.508320 
Electronic Energy = -479.68975609 
 
Excitation energies and oscillator strengths: 
Excited State   1: 1.9739 eV 
 
Difference Density Plot: 
 
 
 
Cation 24 
	  	  
153	  
 
Standard orientation:                          
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                     Y                 Z 
 --------------------------------------------------------------------- 
     6            C       -2.319065   -0.219124    0.000000 
     6            C       -1.441792    0.914033    0.000000 
     6            C        0.000000    0.729972    0.000000 
     6            C        0.527181   -0.594240    0.000000 
     6            C       -0.393171   -1.748162    0.000000 
     6            C       -1.814777   -1.478275    0.000000 
     1            H        0.510199    2.850988    0.000000 
     1            H       -3.391825   -0.050396    0.000000 
     6            C        0.883926    1.831631    0.000000 
     6            C        1.921214   -0.754720    0.000000 
     1            H       -2.493296   -2.326366    0.000000 
     6            C        2.773172    0.341664    0.000000 
     6            C        2.254359    1.643639    0.000000 
     1            H        2.353735   -1.748531    0.000000 
     1            H        3.847537    0.186260    0.000000 
     1            H        2.920973    2.499651    0.000000 
     6            C        0.000879   -3.046894    0.000000 
     7            N       -1.993484    2.123645    0.000000 
     1            H       -1.449516    2.975341    0.000000 
     1            H       -3.000281    2.233947    0.000000 
     1            H        1.039441   -3.357592    0.000000 
     1            H       -0.734135   -3.845954    0.000000 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies=  -479.529563 
Electronic Energy = -479.712121 
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Excitation energies and oscillator strengths: 
Excited State   1: 3.1444 eV 
 
Difference Density Plot: 
 
 
 
Cation 25 
 
Standard orientation:                           
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                   Y                   Z 
 --------------------------------------------------------------------- 
     6            C       -6.193432   -1.020230    0.068485 
     6            C       -4.775252   -1.010211    0.001951 
     6            C       -3.999818    0.159595   -0.025351 
     6            C       -4.638947    1.444503    0.017172 
     6            C       -6.107418    1.457920    0.085661 
     6            C       -6.828866    0.219123    0.105888 
     1            H       -2.113013   -0.906562   -0.123962 
     1            H       -4.254308   -1.965792   -0.026347 
     6            C       -2.580618    0.073209   -0.092804 
     6            C       -3.834898    2.587008   -0.008581 
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     1            H       -7.913249    0.264284    0.156653 
     6            C       -2.446852    2.476958   -0.074602 
     6            C       -1.815331    1.219835   -0.116899 
     1            H       -4.275367    3.577512    0.022417 
     1            H       -1.844678    3.380162   -0.093332 
     1            H       -0.733350    1.157639   -0.167693 
     6            C       -6.833571    2.616911    0.129109 
     1            H       -7.917998    2.591814    0.178836 
     1            H       -6.378149    3.600686    0.117039 
     7            N       -6.871911   -2.201937    0.129090 
     1            H       -7.877280   -2.215920    0.037533 
     1            H       -6.401668   -3.071958   -0.072849 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies=  -479.502664 
Electronic Energy = -479.683573 
 
Excitation energies and oscillator strengths: 
Excited State   1: 1.8137 eV 
 
Difference Density Plot: 
 
 
 
Cation 26 
 
                         Standard orientation:                          
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 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                   Y                   Z 
 --------------------------------------------------------------------- 
     6            C        2.384479    0.988163    0.000000 
     6            C        1.071663    1.505844    0.000000 
     6            C        0.000000    0.634535    0.000000 
     6            C        0.171427   -0.776235    0.000000 
     6            C        1.491167   -1.276889    0.000000 
     6            C        2.573673   -0.428111    0.000000 
     1            H        0.884255    2.574252    0.000000 
     6            C       -1.042073   -1.580818    0.000000 
     1            H        1.674470   -2.346496    0.000000 
     1            H        3.581448   -0.831286    0.000000 
     6            C       -2.312034   -0.953119    0.000000 
     6            C       -2.436024    0.494482    0.000000 
     1            H       -3.234638   -1.522172    0.000000 
     6            C       -1.046901   -2.961532    0.000000 
     1            H       -1.984517   -3.512276    0.000000 
     8            O       -1.244174    1.204398    0.000000 
     8            O       -3.485556    1.090559    0.000000 
     7            N        3.453803    1.812218    0.000000 
     1            H        4.397882    1.452171    0.000000 
     1            H        3.346299    2.817208    0.000000 
     1            H       -0.136240   -3.554504    0.000000 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies= -590.604204 
Electronic Energy = -590.76337610 
 
Excitation energies and oscillator strengths: 
Excited State   1: 0.3991 eV  
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Difference Density Plot: 
 
 
 
Compound 27 
 
Standard orientation:                          
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                    Y                  Z 
 --------------------------------------------------------------------- 
     6            C       -2.441183    0.387191    0.000000 
     6            C        0.000000    0.687629    0.000000 
     6            C        0.245848   -0.722460    0.000000 
     6            C       -0.941273   -1.587706    0.000000 
     6            C       -2.230473   -1.023033    0.000000 
     1            H        0.841827    2.655449    0.000000 
     6            C        1.040301    1.589681    0.000000 
     6            C        1.591088   -1.184652    0.000000 
     1            H       -3.111791   -1.651681    0.000000 
     6            C        2.641144   -0.310261    0.000000 
     6            C        2.422611    1.140967    0.000000 
     1            H        1.794363   -2.250077    0.000000 
     1            H        3.670990   -0.651835    0.000000 
     6            C       -0.774158   -2.958818    0.000000 
     1            H       -1.640913   -3.613798    0.000000 
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     8            O        3.378849    1.936396    0.000000 
     8            O       -1.266083    1.186462    0.000000 
     8            O       -3.496968    0.982219    0.000000 
     1            H        0.195702   -3.439897    0.000000 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies=  -610.097644 
Electronic Energy = -610.23104693 
 
Excitation energies and oscillator strengths: 
 Excited State   1: 0.6311 eV 
 
Difference Density Plot: 
 
 
 
Cation 28 
 
Standard orientation:                          
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                   Y                   Z 
 --------------------------------------------------------------------- 
     6            C        0.000000    1.161070    0.880229 
     6            C        0.000000    0.744098   -0.491353 
     6            C        0.000000    1.682543   -1.493010 
     6            C        0.000000    3.057315   -1.126252 
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     6            C        0.000000    3.470761    0.206149 
     6            C        0.000000    2.519707    1.233332 
     1            H        0.000000    1.406358   -2.542913 
     1            H        0.000000    3.805548   -1.913466 
     1            H        0.000000    4.528848    0.444224 
     1            H        0.000000    2.825446    2.275607 
     6            C        0.000000   -3.470761    0.206149 
     6            C        0.000000   -3.057315   -1.126252 
     6            C        0.000000   -1.682543   -1.493010 
     6            C        0.000000   -0.744098   -0.491353 
     6            C        0.000000   -1.161070    0.880229 
     6            C        0.000000   -2.519707    1.233332 
     1            H        0.000000   -4.528848    0.444224 
     1            H        0.000000   -3.805548   -1.913466 
     1            H        0.000000   -1.406358   -2.542913 
     1            H        0.000000   -2.825446    2.275607 
     6            C        0.000000    0.000000    1.696734 
     1            H        0.000000    0.000000    2.783554 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies=  -500.367497 
Electronic Energy = -500.54476282 
 
Excitation energies and oscillator strengths: 
Excited State   1: 1.3662 eV 
 
Difference Density Plot: 
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Cation 29 
 
Standard orientation:                           
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                    Y                  Z 
 --------------------------------------------------------------------- 
     6            C       -6.573013   -2.139819    0.134847 
     6            C       -5.213628   -2.465493    0.222498 
     6            C       -4.629525   -0.128717   -0.040126 
     6            C       -6.023229    0.171597   -0.154641 
     6            C       -6.984507   -0.813851   -0.053450 
     6            C       -3.760581    0.979697   -0.186073 
     6            C       -2.369928    1.178956   -0.009701 
     6            C       -0.133498    0.635044    0.747144 
     1            H        0.565510   -0.045909    1.223350 
     6            C        0.329423    1.872139    0.281253 
     6            C       -0.543903    2.786057   -0.322919 
     6            C       -1.875822    2.446712   -0.450487 
     1            H       -7.314664   -2.930070    0.208899 
     1            H       -4.926238   -3.504170    0.355211 
     1            H       -6.321959    1.204379   -0.310819 
     1            H       -8.038419   -0.568061   -0.127269 
     1            H        1.379604    2.124533    0.397185 
     1            H       -0.181442    3.745569   -0.675846 
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     1            H       -2.570572    3.145751   -0.907626 
     6            C       -1.464695    0.255617    0.614436 
     6            C       -1.920692   -1.067731    1.172648 
     6            C       -4.222561   -1.493018    0.146322 
     6            C       -2.773233   -1.901485    0.204088 
     1            H       -1.037104   -1.647355    1.455563 
     1            H       -2.481504   -0.896678    2.103858 
     1            H       -2.339496   -1.851908   -0.806032 
     1            H       -2.721208   -2.952772    0.502309 
     1            H       -4.279036    1.882728   -0.506268 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies=  -578.955886 
Electronic Energy = -579.19245166 
 
Excitation energies and oscillator strengths: 
Excited State   1:  2.6458 eV 
 
Difference Density Plot: 
 
 
 
Cation 30 
 
Standard orientation:                          
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                    Y                  Z 
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 --------------------------------------------------------------------- 
     6            C        0.000000    4.001004   -0.195740 
     6            C        0.000000    2.998365   -1.145751 
     6            C        0.000000    1.628716   -0.785551 
     6            C        0.000000    1.296841    0.622348 
     6            C        0.000000    2.366324    1.572693 
     6            C        0.000000    3.683641    1.180678 
     6            C        0.000000    0.000000    1.169471 
     6            C        0.000000   -1.296841    0.622348 
     6            C        0.000000   -1.628716   -0.785551 
     6            C        0.000000   -2.998365   -1.145751 
     1            H        0.000000   -3.256643   -2.200205 
     6            C        0.000000   -4.001004   -0.195740 
     6            C        0.000000   -3.683641    1.180678 
     6            C        0.000000   -2.366324    1.572693 
     1            H        0.000000    5.040446   -0.509509 
     1            H        0.000000    3.256643   -2.200205 
     1            H        0.000000    2.116447    2.629440 
     1            H        0.000000    4.476102    1.921895 
     1            H        0.000000    0.000000    2.257973 
     1            H        0.000000   -5.040446   -0.509509 
     1            H        0.000000   -4.476102    1.921895 
     1            H        0.000000   -2.116447    2.629440 
     6            C        0.000000   -0.686015   -1.854683 
     1            H        0.000000   -1.139619   -2.842983 
     6            C        0.000000    0.686015   -1.854683 
     1            H        0.000000    1.139619   -2.842983 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies= -577.776138 
Electronic Energy = -577.989769 
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Excitation energies and oscillator strengths: 
Excited State   1:  2.5574 eV 
 
Difference Density Plot: 
 
 
 
Compound 31 
 
Standard orientation:                          
 --------------------------------------------------------------------- 
 Atomic      Atomic             Coordinates (Angstroms) 
 Number       Type             X                   Y                   Z 
 --------------------------------------------------------------------- 
     6            C        0.000000    3.655535    0.821073 
     6            C        0.000000    2.329770    1.421830 
     6            C        0.000000    1.198585    0.640762 
     6            C        0.000000    1.257374   -0.781095 
     6            C        0.000000    2.550240   -1.384867 
     6            C        0.000000    3.695610   -0.642029 
     6            C        0.000000    0.000000   -1.523405 
     6            C        0.000000   -1.257374   -0.781095 
     6            C        0.000000   -1.198585    0.640762 
     6            C        0.000000   -2.329770    1.421830 
     1            H        0.000000   -2.250507    2.503137 
     6            C        0.000000   -3.655535    0.821073 
     6            C        0.000000   -3.695610   -0.642029 
     6            C        0.000000   -2.550240   -1.384867 
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     1            H        0.000000    2.250507    2.503137 
     1            H        0.000000    2.633545   -2.466733 
     1            H        0.000000    4.675840   -1.107270 
     1            H        0.000000   -4.675840   -1.107270 
     1            H        0.000000   -2.633545   -2.466733 
     6            C        0.000000    0.000000   -2.888130 
     1            H        0.000000   -0.916491   -3.464849 
     8            O        0.000000    0.000000    1.308002 
     8            O        0.000000    4.690750    1.510533 
     8            O        0.000000   -4.690750    1.510533 
     1            H        0.000000    0.916491   -3.464849 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies=  -763.675660 
Electronic Energy = -763.85607969 
 
Excitation energies and oscillator strengths: 
Excited State   1:  0.5982 eV 
 
Difference Density Plot: 
 
 
 
Cation 32 
 
1 imaginary freq = 6.07 
Standard orientation:                          
 --------------------------------------------------------------------- 
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Atomic      Atomic             Coordinates (Angstroms) 
Number       Type             X                      Y                   Z 
 --------------------------------------------------------------------- 
     6            C       -3.588214   -1.060007    0.000080 
     6            C       -2.347200   -1.655081   -0.000036 
     6            C       -1.167567   -0.851032   -0.000050 
     6            C       -1.256267    0.588906    0.000022 
     6            C       -2.533730    1.153846    0.000161 
     6            C       -3.672772    0.346738    0.000189 
     6            C       -0.000005    1.352077   -0.000066 
     6            C        1.256268    0.588914    0.000000 
     6            C        1.167574   -0.851027   -0.000064 
     6            C        2.347209   -1.655073   -0.000061 
     1            H        2.217253   -2.731948   -0.000120 
     6            C        3.588221   -1.059998    0.000031 
     6            C        3.672776    0.346747    0.000124 
     6            C        2.533734    1.153853    0.000108 
     1            H       -4.492474   -1.659171    0.000101 
     1            H       -2.217243   -2.731955   -0.000104 
     1            H       -2.669136    2.229560    0.000274 
     1            H       -4.649451    0.821856    0.000304 
     1            H        4.492482   -1.659161    0.000042 
     1            H        4.649455    0.821866    0.000217 
     1            H        2.669144    2.229566    0.000206 
     6            C       -0.000024    2.713470   -0.000314 
     7            N        0.000005   -1.511534   -0.000108 
     1            H       -0.915379    3.293043   -0.000445 
     1            H        0.915310    3.293073   -0.000458 
 --------------------------------------------------------------------- 
 
Sum of electronic and zero-point Energies=           -593.798259 
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Excitation energies and oscillator strengths: 
Excited State   1: 2.1234 eV 
 
Difference Density Plot: 
 
 
 
Cation 33 
 
Standard orientation:                          
 --------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
Number       Type             X                      Y                   Z 
 --------------------------------------------------------------------- 
     6            C       -3.237199    0.987910    0.003234 
     6            C       -2.252611    1.939106    0.082794 
     6            C       -0.869644    1.597564    0.103771 
     6            C       -0.482375    0.210964    0.076287 
     6            C       -1.506491   -0.746775   -0.005553 
     6            C       -2.858972   -0.378498   -0.067039 
     6            C        0.113605    2.613252    0.128107 
     6            C        0.930434   -0.107317    0.089961 
     6            C        1.838993    0.951587    0.043166 
     6            C        1.453092    2.306101    0.080067 
     6            C        2.871202   -1.594748   -0.072748 
     6            C        1.500100   -1.455858    0.137504 
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     1            H       -0.201607    3.651996    0.160946 
     1            H       -4.279329    1.280601   -0.028494 
     1            H       -2.522353    2.990853    0.113685 
     1            H       -1.312432   -1.808547   -0.058745 
     1            H        2.224897    3.066964    0.061111 
     1            H        3.349639   -2.569189   -0.102349 
     6            C        0.899213   -2.656291    0.555343 
     8            O       -3.719572   -1.395537   -0.187617 
     6            C       -5.132862   -1.143276   -0.249264 
     1            H       -5.378960   -0.529944   -1.121947 
     1            H       -5.594926   -2.124795   -0.346074 
     1            H       -5.480260   -0.657995    0.668417 
     8            O        3.198632    0.776085   -0.039490 
     6            C        3.780435   -0.448421   -0.199518 
     8            O        4.962072   -0.563228   -0.410228 
     1            H       -0.049558   -2.696654    1.074201 
     1            H        1.434306   -3.593652    0.441248 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies=           -803.344787 
 
Excited State   1: 0.1911 eV 
 
Difference Density Plot: 
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Cation 34 
 
Standard Orientation 
--------------------------------------------------------------------- 
 Atomic             Coordinates (Angstroms) 
 Type             X                    Y                    Z 
 --------------------------------------------------------------------- 
      C        3.208107    2.732255    0.042293 
      H        4.275600    2.915441    0.062508 
      H        2.556315    3.597271    0.046487 
      C        2.723863    1.415266    0.014930 
      C        1.322180    0.971033   -0.014106 
      C        1.035362   -0.402760   -0.028089 
      C        0.226566    1.854438   -0.030313 
      C       -0.257134   -0.918730   -0.050407 
      C       -1.082585    1.420798   -0.068365 
     H        0.406004    2.925055   -0.021415 
     C       -1.346376    0.007767   -0.076460 
     C        3.679093    0.412240    0.014276 
     H        4.742630    0.633632    0.029204 
     C        3.354053   -1.028797   -0.000183 
     O        2.037287   -1.360351   -0.019655 
     O        4.213531   -1.876507    0.007579 
     C       -0.492411   -2.411106   -0.053194 
     H       -0.359733   -2.793946   -1.075044 
     H        0.267184   -2.909548    0.553282 
     C       -2.225998    2.406973   -0.123627 
     H       -2.415821    2.686187   -1.169856 
     H       -1.948500    3.328536    0.396789 
     C       -3.781757    0.460043   -0.190729 
     H       -4.050848    0.605231   -1.248351 
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     H       -4.627652   -0.040142    0.288749 
     C       -3.494381    1.800086    0.475458 
     H       -4.351830    2.462020    0.328186 
     H       -3.373937    1.655082    1.554764 
     C       -1.896351   -2.744771    0.449798 
     H       -1.965974   -2.568326    1.528757 
     H       -2.125079   -3.799551    0.276542 
     C       -2.926208   -1.883143   -0.270022 
     H       -3.929478   -2.057768    0.125926 
     H       -2.952676   -2.127395   -1.342916 
     N       -2.632698   -0.452352   -0.112081 
 --------------------------------------------------------------------- 
 
Sum of electronic and zero-point Energies=           -823.984478 
 
Excited State   1:            0.6670 eV 
 
Difference Density Plot: 
 
 
 
Cation 35 
 
Standard Orientation 
--------------------------------------------------------------------- 
 Atomic             Coordinates (Angstroms) 
 Type             X                     Y                     Z 
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 --------------------------------------------------------------------- 
      C       -0.623262   -2.561254    0.710585 
      H       -1.204656   -3.477112    0.699679 
      0        0.368425   -2.615298    1.138833 
      C       -1.197794   -1.369453    0.270902 
      C       -0.581337   -0.048438    0.148326 
      C       -1.453693    1.041217    0.113862 
      C        0.838643    0.223944    0.088480 
      C       -1.034825    2.384874    0.134892 
      C        1.266044    1.599299    0.116143 
     C        0.312489    2.646668    0.159472 
     C       -2.597757   -1.457895    0.120081 
     H       -3.101452   -2.416928    0.169574 
     C       -3.418885   -0.305915   -0.060592 
     O       -2.824436    0.895628    0.054784 
     H       -1.783555    3.167697    0.127084 
     H        0.662821    3.673800    0.186216 
     C        1.827671   -0.767441   -0.036176 
     H        1.590474   -1.817958   -0.125549 
     C        2.654765    1.896038    0.070619 
     H        2.961205    2.937062    0.103496 
     C        3.604669    0.911165   -0.034169 
     H        4.654529    1.170564   -0.080936 
     C        3.184436   -0.442957   -0.112703 
     O        4.017899   -1.484172   -0.262963 
     C        5.432490   -1.262391   -0.355618 
     H        5.872755   -2.251074   -0.474727 
     H        5.676026   -0.645072   -1.225998 
     H        5.817197   -0.796650    0.557079 
     S       -5.021462   -0.446591   -0.463372 
 --------------------------------------------------------------------- 
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Sum of electronic and zero-point Energies=          -1126.329501 
 
Excited State   1:          0.2299 eV 
 
Difference Density Plot: 
 
 
 
Cation 36 
 
Standard Orientation: 
--------------------------------------------------------------------- 
 Atomic             Coordinates (Angstroms) 
 Type             X                     Y                    Z 
 --------------------------------------------------------------------- 
      C        2.407423    0.281727    0.000014 
      C        1.248949   -0.440132    0.000004 
      H        2.401933    1.369605   -0.000020 
      H        3.379226   -0.204491    0.000051 
      H        1.276770   -1.526905    0.000037 
      C        0.000000    0.219141   -0.000046 
      C       -1.248942   -0.440137   -0.000009 
      H       -0.000025    1.309649   -0.000087 
      H       -1.276740   -1.526910    0.000010 
      C       -2.407429    0.281727    0.000029 
      H       -3.379219   -0.204517   -0.000080 
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      H       -2.401951    1.369603    0.000135 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies=          -194.314053 
 
Excited State   1:         4.4417 eV 
 
Difference Density Plot: 
 
 
Cation 37 
 
Standard Orientation: 
--------------------------------------------------------------------- 
 Atomic             Coordinates (Angstroms) 
 Type             X                       Y                  Z 
 --------------------------------------------------------------------- 
      C       -1.211105   -0.228385   -0.000276 
      C       -0.000067    0.456116    0.000054 
      H       -1.187763   -1.318381   -0.000576 
      H       -0.000084    1.543925    0.000372 
      C        1.211047   -0.228510   -0.000024 
      C        2.488110    0.397690    0.000126 
      H        1.187727   -1.318497   -0.000145 
      H        2.536147    1.484013    0.000347 
      C        3.629529   -0.338011    0.000003 
      H        3.607427   -1.425238   -0.000207 
      H        4.608331    0.132157    0.000183 
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      C       -2.488059    0.397701   -0.000237 
      C       -3.629466   -0.338084    0.000301 
      H       -2.536205    1.484046   -0.000684 
      H       -4.608223    0.132192    0.000287 
      H       -3.607290   -1.425327    0.000741 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies=          -271.710102 
 
Excited State   1:         3.7211 eV 
 
Difference Density Plot: 
 
Cation 38 
 
Standard Orientation: 
 --------------------------------------------------------------------- 
 Atomic             Coordinates (Angstroms) 
 Type             X                       Y                  Z 
 --------------------------------------------------------------------- 
      C       -0.000061    0.254331    1.246360 
      C       -0.000070    0.982883    0.000000 
      C       -0.000061    0.254331   -1.246360 
      C       -0.000061   -1.121512   -1.235826 
      C        0.000104   -1.802563    0.000000 
      C       -0.000061   -1.121512    1.235826 
      H       -0.000108    0.807950    2.180865 
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      H       -0.000108    0.807950   -2.180865 
      H       -0.000193   -1.684261   -2.163180 
     H        0.000450   -2.889591    0.000000 
     H       -0.000193   -1.684261    2.163180 
     6        0.000166    2.353327    0.000000 
     H        0.000206    2.923250    0.926369 
     H        0.000206    2.923250   -0.926369 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies=          -270.544651 
 
Excited State   1:         3.0117 eV 
 
Difference Density Plot: 
 
Cation 39 
 
Standard Orientation: 
--------------------------------------------------------------------- 
 Atomic             Coordinates (Angstroms) 
 Type             X                     Y                    Z 
 --------------------------------------------------------------------- 
      C        1.897206    2.095431   -0.000093 
      H        1.263784    2.976275   -0.000114 
      C        1.405780    0.821719   -0.000057 
      C       -0.029525    0.496652   -0.000033 
      C        2.366763   -0.255084    0.000021 
      C       -1.049327    1.452461    0.000099 
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      C       -0.399918   -0.891194   -0.000110 
      C        1.976369   -1.574231    0.000165 
      H        3.422199    0.002031   -0.000040 
     C       -2.387976    1.061323    0.000100 
     H       -0.819184    2.512330    0.000198 
     C       -1.771039   -1.264233   -0.000107 
     C        0.604680   -1.879974   -0.000038 
     H        2.711189   -2.371815    0.000394 
     C       -2.754899   -0.296350   -0.000011 
     H       -3.160550    1.824348    0.000231 
     H       -2.030100   -2.319027   -0.000172 
     H        0.298982   -2.923945   -0.000003 
     H       -3.803140   -0.575913    0.000004 
     H        2.968139    2.276587   -0.000116 
 --------------------------------------------------------------------- 
Sum of electronic and zero-point Energies=          -424.158719 
 
Excited State   1:         2.5382 eV 
 
Difference Density Plot: 
 
 
Table 1: Data for Figure 5 
TDDFT Energy 
(kcal/mol) Compound from paper 
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1.1184585 20 
4.4069571 33 
5.2556019 22 
5.3017239 35 
9.2036451 26 
13.7950902 31 
14.5537971 27 
15.381687 34 
19.3343424 7 
19.9639077 4 
22.922634 17 
26.1258069 14 
28.4042337 12 
28.8862086 19 
31.5059382 28 
33.4453683 16 
35.0504139 9 
39.0053754 18 
41.8257357 25 
42.9072966 13 
43.4100264 6 
45.5201079 23 
48.9677274 32 
49.0622775 3 
58.5334302 39 
58.9762014 30 
61.0147938 29 
61.0378548 8 
64.3932303 21 
68.6848824 11 
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69.4528137 38 
72.5130084 24 
85.8122871 37 
88.4781387 10 
102.4300437 36 
111.3315897 5 
116.6240892 1 
120.3207675 15 
129.7896141 2 
Table 1: The absolute TD-DFT energy gap for all compounds studied. 
 
D.2 TDDFT of 9 with Leaving Groups 
The dependence of the conical intersection geometry on the leaving group 
(LG) was probed to determine if there is in fact major changes.  Cation 9, the 
meta-aminobenzyl cation, was optimized with acetyl, chloro, and hydroxy LG 
attached to the benzylic carbon in the same maner described above for all other 
TDDFT studies. 
 
3-aminobenzyl acetate 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                               Y                             Z 
 --------------------------------------------------------------------- 
      C           6             3.230164   -0.285085    0.309401 
      C           6            2.638161   -1.531558    0.482154 
      C           6           1.275048   -1.715379    0.238886 
      C           6            0.499976   -0.635269   -0.193646 
      C           6            1.094020    0.617558   -0.370428 
      C           6            2.459603    0.811814   -0.117484 
      H           1            4.292681   -0.151590    0.500885 
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      H           1            3.245103   -2.367998    0.818900 
      H           1            0.817970   -2.690150    0.385263 
     H           1            0.485964    1.456887   -0.700668 
     N           7            3.057572    2.055344   -0.346051 
     H           1            2.427018    2.845847   -0.291791 
     H           1            3.903551    2.223616    0.184432 
     C           6            -0.960874   -0.829592   -0.505584 
     H           1            -1.300548   -1.832322   -0.230128 
     H           1            -1.173682   -0.693954   -1.571909 
     O           8            -1.731942    0.150362    0.234901 
     C           6            -3.067300    0.126301    0.017281 
     O           8            -3.612225   -0.652439   -0.734199 
     C           6            -3.763342    1.188426    0.837704 
     H           1            -4.834296    1.159837    0.634234 
     H           1            -3.582723    1.017691    1.904150 
     H           1            -3.363445    2.178043    0.593673 
--------------------------------------------------------------------- 
Sum of electronic and zero-point Energies=           -554.605831 
 
Excited State   1:      Singlet-A      4.5399 eV  273.10 nm 
 
3-(chloromethyl)aniline 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                Y                    Z 
 --------------------------------------------------------------------- 
      C           6            2.266930    0.746113   -0.307492 
      C           6            1.362174    1.801156   -0.227934 
      C           6            0.037576    1.579692    0.148886 
      C           6            -0.382743    0.279338    0.453346 
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      C           6            0.524903   -0.780421    0.375770 
      C           6            1.857600   -0.565000   -0.006979 
      H           1            3.298813    0.931688   -0.597354 
      H           1            1.696574    2.807847   -0.464345 
      H           1            -0.665936    2.405839    0.202863 
      H         1            0.193843   -1.789894    0.612556 
      N           7            2.772603   -1.621306   -0.027089 
     H           1            2.362742   -2.536697   -0.167179 
     H           1            3.571225   -1.480211   -0.633474 
     C           6            -1.800700    0.019681    0.865656 
     H           1            -2.267238    0.904208    1.300411 
     H           1            -1.881387   -0.812948    1.565608 
     Cl          17            -2.877135   -0.444944   -0.555116 
--------------------------------------------------------------------- 
 
Sum of electronic and zero-point Energies=           -786.377165 
 
Excited State   1:      Singlet-A      4.3129 eV  287.47 nm 
 
(3-aminophenyl)methanol 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                               Y                             Z 
 --------------------------------------------------------------------- 
      C          6            1.747715    1.046776   -0.025044 
      C          6            0.588116    1.816614    0.030770 
      C          6            -0.670281    1.219057    0.104281 
      C          6            -0.766506   -0.176761    0.114509 
      C          6            0.393334   -0.951182    0.048211 
      C          6            1.662625   -0.354755   -0.015802 
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      H          1            2.723207    1.525668   -0.078080 
      H          1            0.669994    2.900711    0.014080 
      H          1            -1.573342    1.818028    0.135759 
     H          1            0.317237   -2.037900    0.046519 
     N          7            2.821247   -1.143105   -0.019607 
     H          1            2.690912   -2.077880   -0.387667 
     H          1            3.627960   -0.698658   -0.441401 
     C          6            -2.110471   -0.856661    0.248087 
     H          1            -2.349725   -0.978657    1.318589 
     H          1            -2.055721   -1.869380   -0.183465 
     O          8            -3.111604   -0.075650   -0.397430 
     H          1            -3.973615   -0.433527   -0.137711 
--------------------------------------------------------------------- 
 
Sum of electronic and zero-point Energies=           -401.970533 
 
Excited State   1:      Singlet-A      4.5718 eV  271.19 nm 
 
D.3 Conical Intersection Methods 
All conical intersection calculations were run using GAMESS2 software 
and the final coordinates are given below.  The ground state geometry calculated 
for the TD-DFT calculation was used to generate orbitals for use in MCSCF in 
GAMESS by calculating the energy using RHF 6-31G(d).  The orbitals from this 
calculation were reordered to allow for a complete pi active space in the MCSCF 
calculation.  The MCSCF optimization was done using MCSCF 6-31G(d) with 
50:50 weighted average of the first two singlet states.  The active space is 
defined below for each of the cations.  The conical intersection calculation was 
done using the optimized geometry from the ground state optimization.  The 
orbitals were confirmed to still be in the desired order for the correct active space 
and MCSCF 6-31G(d) was used again.  Images for the active space orbitals 
used in the ground-state and excited-state geometries were visualized using 
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MacMolPlt3 and are depicted below the final energy in order of decreasing 
occupation number calculated by the MCSCF calculation.  The orbitals depicted 
for the ground state were the same ones used as the input for the conical 
intersection searches. 
 
Allyl cation (1): 2 electron, 3 orbital active space 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                               Y                             Z 
 --------------------------------------------------------------------- 
C           6.0    0.1543332149  -0.0323534656   0.5082479247 
 H          1.0    0.4207273194   0.0656942344   1.5489183042 
 C            6.0   -0.0935145895   1.1885748911  -0.1949635097 
 H            1.0    0.1919646281   2.1388335831   0.2190259460 
 C            6.0    0.0723738722  -1.3652848188  -0.0623100255 
 H            1.0    0.7619752283  -1.5309808741  -0.8776118915 
 H            1.0   -0.9403454697  -1.6318581975  -0.3362576115 
 H            1.0   -0.5675042038   1.1673646475  -1.1600591368 
--------------------------------------------------------------------- 
 
FINAL MCSCF ENERGY IS     -116.0923540384 
 
Ground State Orbitals: 
 
Occuptation Number: 
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 1.401   0.536   0.064 
Excited State Orbitals: 
 
 
Occupation Number: 
 1.440  0.500   0.060 
 
DERIVATIVE COUPLING VECTOR (DCV) 
 
 UNITS ARE HARTREE/BOHR    E'X               E'Y               E'Z  
    1 C             -137.444114372    -288.682669383      -7.842709480 
    2 H               99.053311773      15.294454773     -56.620590323 
    3 C             -265.038398125     488.172195717     -52.344310309 
    4 H              123.610961976      34.477139182     -94.367538445 
    5 C              305.772476487    -813.677520686     653.563125652 
    6 H              -78.963355403     153.865209462     -91.480328779 
    7 H                7.265147724     428.497998634    -361.213155604 
    8 H              -54.251623300     -17.947473709      10.301843512 
 
1-aminoallyl cation (1): 4 electron, 4 orbital active space 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                               Y                             Z 
 --------------------------------------------------------------------- 
 C            6.0    0.0208236667   0.5982108913  -0.5423433516 
 H            1.0    0.8690373601   1.2570758861  -0.5423120201 
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 C            6.0    0.0662308856  -0.7265187240  -0.0204702726 
 H            1.0   -0.8697686313  -1.2266966986   0.1646614064 
 C            6.0    1.2294796442  -1.4348019193   0.1534220430 
 N            7.0   -1.1239363835   1.3544264006   0.0005625577 
 H            1.0   -1.9348306456   1.5843993369  -0.5684941342 
 H            1.0   -1.1853813184   1.6602294147   0.9684564521 
 H            1.0    1.1952539235  -2.4687560428   0.4280347989 
 H            1.0    2.1911214988  -1.0005885449  -0.0415074797 
--------------------------------------------------------------------- 
 
FINAL MCSCF ENERGY IS     -171.1735880585 
 
Ground State Orbitals: 
 
Occupation Number: 
 1.954   1.446   0.540   0.060 
Excited State Orbitals: 
 
Occupation Number: 
 1.899   1.500   0.547   0.055 
 
DERIVATIVE COUPLING VECTOR (DCV) 
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 UNITS ARE HARTREE/BOHR    E'X               E'Y               E'Z  
    1 C              520.601316311      76.285699579    -682.435210210 
    2 H              -54.378779409     -43.490068462     733.983544968 
    3 C             -242.634761970    -190.053334151    -426.573755236 
    4 H              -15.421978411     -34.832842711      11.247030664 
    5 C               64.902338926     -45.953797157      38.920362762 
    6 N             -136.779156251    -108.838286460     291.183992271 
    7 H             -391.997895357    -512.931931226     108.399443278 
    8 H              296.437704783     824.098245467    -104.757660322 
    9 H              -22.220454926      36.929505670      26.010713772 
   10 H              -18.510673268      -1.224173871       4.030612263 
 
2-aminoallyl cation (3): 4 electrons, 4 orbital active space 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                               Y                             Z 
 --------------------------------------------------------------------- 
 C            6.0   -1.2965008774  -0.7614276815  -0.0536160563 
 H            1.0   -2.1707947794  -0.1458508714  -0.1142634862 
 H            1.0   -1.4126352501  -1.8231080284  -0.1201087628 
 C            6.0    0.0012451375  -0.2524988061   0.0004494379 
 C            6.0    1.3027815221  -0.7504445757   0.0574285950 
 H            1.0    2.1725800888  -0.1278848896   0.1112009123 
 H            1.0    1.4279663048  -1.8112361144   0.1196845917 
 N            7.0   -0.0053633841   1.3018659961  -0.0000638203 
 H            1.0    0.6869664239   1.8509181630  -0.5037452588 
 H            1.0   -0.7022451860   1.8456568082   0.5030438478 
--------------------------------------------------------------------- 
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FINAL MCSCF ENERGY IS     -171.1872991339 
 
Ground State Orbitals: 
 
Occupation Number: 
 1.875   1.303   0.706   0.116 
Excited State Orbitals 
 
Occupation Number: 
 1.857   1.352   0.688   0.103 
 
DERIVATIVE COUPLING VECTOR (DCV) 
 
 UNITS ARE HARTREE/BOHR    E'X               E'Y               E'Z  
    1 C             -478.173016324     294.004313909      19.290610058 
    2 H              -40.188821619     -53.989574908     -36.885329563 
    3 H               65.852624779      57.234373527     -32.100780767 
    4 C              300.114078532   -2310.356341700     -56.719335382 
    5 C               86.241356524     553.971438382     -35.005608450 
    6 H               53.061402133     -46.345936261      -6.099612360 
    7 H              -70.401366154      48.704919186      88.061456658 
    8 N               86.695819465    1061.954765262      50.783433378 
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    9 H               78.716739309     199.791424719    -156.091486130 
   10 H              -81.900773419     195.030637891     164.759783854 
 
o-aminobenzyl cation (8): 8 electron, 8 orbital active space 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                               Y                             Z 
 --------------------------------------------------------------------- 
 C            6.0   -1.1148963389  -1.7538805598  -0.0949902916 
 C            6.0   -1.9428157001  -0.7288829465   0.0856818040 
 C            6.0   -1.3723626112   0.6381584836   0.1896114804 
 C            6.0    0.0053537839   0.9107862127   0.1235630264 
 C            6.0    0.8492860594  -0.1483952685  -0.1235833226 
 C            6.0    0.3156077228  -1.4283595624  -0.2599340562 
 H            1.0   -1.4420328838  -2.7627205490  -0.2505806578 
 H            1.0   -3.0080775309  -0.8418611784   0.1357632595 
 H            1.0   -2.0562027799   1.4586330704   0.3097149653 
 H            1.0    0.9800624534  -2.2265301823  -0.5400049806 
 C            6.0    2.3200169842  -0.0703693045   0.0044091267 
 H            1.0    2.7482858650   0.2744210156   0.9250700050 
 H            1.0    2.9687006516  -0.4110210983  -0.7785449321 
 N            7.0    0.4633378849   2.1851368806   0.4626373062 
 H            1.0   -0.0163425533   2.9242929709  -0.0089602265 
 H            1.0    1.4520389929   2.3017420161   0.3718274938 
--------------------------------------------------------------------- 
 
FINAL MCSCF ENERGY IS     -323.9177970936 
 
Ground State Orbitals: 
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Occupation Number: 
 1.974   1.931   1.849   1.454 
 
Occupation Number: 
 0.598   0.087   0.074   0.033 
Excited State Orbitals: 
 
Occupation Number: 
 1.975   1.931   1.826   1.441 
 
Occupation Number: 
 0.627   0.100   0.071   0.030 
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DERIVATIVE COUPLING VECTOR (DCV) 
 
 UNITS ARE HARTREE/BOHR    E'X               E'Y               E'Z  
    1 C             8682.224789646   -2505.157721295   -2888.491810422 
    2 C            -1527.273885041   11135.594050210    1350.507288331 
    3 C            -6940.063620660   -4386.359356731    -794.034633917 
    4 C              288.919660573    8710.113980658    4190.235541650 
    5 C             5714.461652930   -6715.935787415    1168.906145730 
    6 C            -3486.848895185   -1648.015238431    -773.875276770 
    7 H              -30.281905935     -92.489084049     487.487117079 
    8 H               -8.825685588     253.227640225     249.590537191 
    9 H               22.069619265     -44.606396051     248.432412264 
   10 H               32.023806549     111.820211584     608.944241629 
   11 C             -425.765101199    1419.743854002    -850.407692220 
   12 H              208.058010595     394.271482963     -91.284984724 
   13 H             -148.775958460    -566.765780389     262.849255426 
   14 N            -1561.364611736   -7295.973134085   -5337.294226642 
   15 H            -1292.138353362    1173.108544875    1763.541231942 
   16 H              473.588485227      57.419418615     404.893208933 
 
m-aminobenzyl cation (9): 8 electron, 8 orbital active space 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                               Y                             Z 
 --------------------------------------------------------------------- 
 C            6.0   -1.2069422782  -1.1784293131   0.0529632246 
 C            6.0    0.0081732293  -1.7731994586   0.1969997056 
 C            6.0    1.2708535845  -1.0533621515   0.1938586277 
 C            6.0    1.3050055642   0.2823517485   0.0202434295 
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 C            6.0    0.0144241396   0.9666823895  -0.1351067839 
 C            6.0   -1.2384244870   0.2438096775  -0.0858974022 
 H            1.0   -2.1222253499  -1.7390538014   0.0439158098 
 H            1.0    0.0417382192  -2.8404296228   0.3140438799 
 H            1.0    2.1748937365  -1.6113920617   0.3427284755 
 H            1.0   -0.0100002485   2.0330508213  -0.2695301051 
 C            6.0    2.4885547297   1.1725438976   0.0684189994 
 H            1.0    3.4149651608   0.7868296639   0.4449076992 
 N            7.0   -2.3505051816   0.9250274398  -0.1821331345 
 H            1.0   -2.3629313687   1.9240458724  -0.2612179091 
 H            1.0    2.5304694823   2.0230384852  -0.5851863095 
 H            1.0   -3.2430589320   0.4675064131  -0.1589882069 
--------------------------------------------------------------------- 
 
FINAL MCSCF ENERGY IS     -323.9495657161 
 
Ground State Orbitals: 
 
Occupation Number: 
 1.970   1.934   1.822   1.406 
 
Occupation Number: 
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 0.672   0.088   0.073   0.035 
 
Excited State Orbitals: 
 
Occupation Number: 
 1.971   1.933   1.801   1.394 
                                  
 
Occupation Number: 
 0.702   0.095   0.069   0.034 
 
DERIVATIVE COUPLING VECTOR (DCV) 
 
 UNITS ARE HARTREE/BOHR    E'X               E'Y               E'Z  
    1 C             -249.934054251     650.763832363     -99.752576848 
    2 C              613.234822732     292.953776824      44.838842491 
    3 C               79.701266087     349.278408602      67.547330215 
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    4 C             2639.580538516   -1396.511950662     195.861173597 
    5 C            -1282.865480140     887.176085469    -318.154981771 
    6 C             -350.986387960    -777.200630935     255.029137799 
    7 H              -11.687138382      43.758468449     -10.711212701 
    8 H               -6.092145356     -11.052607850     -15.184819072 
    9 H              -17.576157640      32.349267533      -5.405531282 
   10 H              -10.162795668       8.426549705     -51.245603682 
   11 C            -1210.570669636    -568.665069736    -103.564053654 
   12 H                6.682485676     -42.906356585     -37.517073078 
   13 N             -146.989266340     401.583875420     -66.727373657 
   14 H              -44.431042444     -56.052346558      16.785219238 
   15 H              -64.092187484     179.313772741     154.686842819 
   16 H               56.192758104       6.792008285     -26.484607011 
 
p-aminobenzyl cation (10): 8 electron, 8 orbital active space 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                               Y                             Z 
 --------------------------------------------------------------------- 
 C            6.0    0.1518761334  -1.1270328080   0.7221084187 
 C            6.0   -0.2341257125   1.1911338706   0.6888720883 
 C            6.0   -0.0499714539   0.0442047315   1.4430493261 
 C            6.0    0.0039014552  -0.0040469317  -1.4933445281 
 C            6.0    0.1487996371  -1.1530867082  -0.7374858668 
 C            6.0   -0.1753201229   1.1736135397  -0.7639399857 
 H            1.0    0.2974078290  -2.0603444608   1.2350820688 
 H            1.0   -0.4269334822   2.1249470236   1.1832446923 
 H            1.0    0.2755753031  -2.1056807824  -1.2173075874 
 H            1.0   -0.2951091588   2.1096502401  -1.2775078761 
 N            7.0   -0.1252605265   0.1178394657   2.8465362849 
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 H            1.0   -0.3907347019  -0.7402748951   3.2842210307 
 H            1.0    0.7138463152   0.4619798980   3.2690986092 
 C            6.0    0.0301919054  -0.0166218745  -2.9790923803 
 H            1.0   -0.8788700386  -0.1398669610  -3.5329882264 
 H            1.0    0.9547166187   0.1235966524  -3.5025460681 
--------------------------------------------------------------------- 
 
FINAL MCSCF ENERGY IS     -323.8801206237 
 
Ground State Orbitals: 
 
Occupation Number: 
 1.982   1.929   1.801   1.472 
 
Occupation Number: 
 0.630   0.084   0.066   0.037 
 
Excited State Orbitals: 
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Occupation Number: 
 1.987   1.929   1.772   1.457 
 
Occupation Number: 
 0.675   0.090   0.055   0.036 
 
DERIVATIVE COUPLING VECTOR (DCV) 
 
 UNITS ARE HARTREE/BOHR    E'X               E'Y               E'Z  
    1 C              -30.185159240   -1509.807429740   -1922.038765925 
    2 C              199.457764129     626.668568264   -1415.848216220 
    3 C             -455.318292860    1435.015080046    1053.004974888 
    4 C              207.118653012   -1248.761431032    -346.536092636 
    5 C              114.854041124    -327.625275889     924.915576500 
    6 C             -225.360659005    1246.644725646    2313.489673461 
    7 H               15.188993075      -1.839244438       5.018924956 
    8 H               27.442127802     -22.505072419     -22.347186587 
    9 H               17.041432296      17.634025616      39.967069169 
   10 H              -54.458147671      -8.519896683      13.770623413 
   11 N              203.671739510    -463.710702874    -944.645111894 
   12 H               79.020912088    -113.356423819      16.955602534 
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   13 H              -84.802097011     361.896954028     119.500500618 
   14 C              -13.750903878       6.389481595     144.967310892 
   15 H              -26.316376037      -2.317826142       8.545461441 
   16 H               26.396491166       4.195269705      11.279474889 
 
DERIVATIVE COUPLING VECTOR (DCV) 
 
 UNITS ARE HARTREE/BOHR    E'X               E'Y               E'Z  
    1 C              -30.185159240   -1509.807429740   -1922.038765925 
    2 C              199.457764129     626.668568264   -1415.848216220 
    3 C             -455.318292860    1435.015080046    1053.004974888 
    4 C              207.118653012   -1248.761431032    -346.536092636 
    5 C              114.854041124    -327.625275889     924.915576500 
    6 C             -225.360659005    1246.644725646    2313.489673461 
    7 H               15.188993075      -1.839244438       5.018924956 
    8 H               27.442127802     -22.505072419     -22.347186587 
    9 H               17.041432296      17.634025616      39.967069169 
   10 H              -54.458147671      -8.519896683      13.770623413 
   11 N              203.671739510    -463.710702874    -944.645111894 
   12 H               79.020912088    -113.356423819      16.955602534 
   13 H              -84.802097011     361.896954028     119.500500618 
   14 C              -13.750903878       6.389481595     144.967310892 
   15 H              -26.316376037      -2.317826142       8.545461441 
   16 H               26.396491166       4.195269705      11.279474889 
 
Indenium cation (14): 8 electron, 9 orbital electron active space 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                               Y                             Z 
--------------------------------------------------------------------- 
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 C            6.0    0.0062290997   0.7401989303   0.2757419518 
 C            6.0    0.0062215501  -0.7403011420   0.2758006561 
 C            6.0   -0.0024512894  -0.7275020036  -2.0992618864 
 C            6.0   -0.0026876541   0.7273941962  -2.0992852493 
 C            6.0    0.0052824838  -1.4576388791  -0.9521956191 
 C            6.0    0.0049572547   1.4575274330  -0.9522395228 
 C            6.0   -0.0030107418   0.0001061380   2.4448567412 
 C            6.0    0.0019830365   1.1782778935   1.6090420997 
 C            6.0    0.0016832691  -1.1781997503   1.6091793062 
 H            1.0   -0.0087869225  -1.2225967079  -3.0526494808 
 H            1.0   -0.0092552608   1.2225244560  -3.0526534071 
 H            1.0    0.0074988489  -2.5301072959  -0.9643002894 
 H            1.0    0.0068201044   2.5299940342  -0.9643106576 
 H            1.0   -0.0123384213   0.0001599057   3.5150072695 
 H            1.0   -0.0007544652   2.1961101044   1.9375991621 
 H            1.0   -0.0013908919  -2.1959573127   1.9379689258 
--------------------------------------------------------------------- 
 
FINAL MCSCF ENERGY IS     -344.6861772459 
 
Ground State Orbitals: 
 
Occupation Number: 
 1.946   1.906   1.862   1.442 
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Occupation Number: 
 0.594   0.098   0.061   0.058 
 
Occupation Number: 
 0.032 
 
Excited State Orbitals: 
 
Occupation Number: 
 1.946   1.902   1.867   1.429 
 
Occupation Number: 
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 0.600   0.102   0.065   0.059 
 
Occupation Number: 
 0.032 
 
DERIVATIVE COUPLING VECTOR (DCV) 
 
 UNITS ARE HARTREE/BOHR    E'X               E'Y               E'Z  
    1 C             -416.630742157   22303.457974828 -247972.045735888 
    2 C             -635.048024512  -94040.475783182  482391.150181659 
    3 C              745.698465706 -280946.388524409  160033.531246513 
    4 C              242.210088934   34959.736537377   70985.592191520 
    5 C            -1806.670651263   15634.448700580 -413471.966611992 
    6 C             1116.499801753   -2142.369083504   88745.371603714 
    7 C             -100.227411384  582711.057033691   33100.652710502 
    8 C             -595.704515283  -47723.419865745  470431.546863447 
    9 C             1878.631140866 -196714.293214923 -631510.660301593 
   10 H              279.004147710   -1133.821764030    2878.114782543 
   11 H             -233.300996260    2303.637007391   -4637.948431569 
   12 H              241.636152038     407.419035290   -2556.760723934 
   13 H             -308.111499742   -4526.472381826    3719.253877263 
   14 H             -195.357061178   -9386.995857357    -115.926522223 
   15 H             -330.132004293  -13197.978009912   -4010.087786671 
   16 H              117.503109201   -8507.548114622   -8009.817345631 
 
Pyrylium cation (15): 6 electron, 6 orbital active space 
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--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                               Y                             Z 
 --------------------------------------------------------------------- 
 C            6.0   -0.3429265173   1.0458671202  -0.7300085150 
 C            6.0    0.2554030074  -0.0037011767  -1.5682718612 
 C            6.0   -0.2685383401  -1.0768758939  -0.7103355179 
 C            6.0    0.1895218074  -1.1035701931   0.6171394066 
 C            6.0    0.1113099250   1.1291551022   0.5964299736 
 H            1.0   -1.0968966574   1.7238142530  -1.0854635299 
 H            1.0   -0.9729858155  -1.8123589547  -1.0527300336 
 H            1.0    0.2283432333  -1.9511153277   1.2708256266 
 H            1.0    0.0903193394   1.9892393695   1.2343560879 
 O            8.0    0.5676580986   0.0327601284   1.1852940453 
 H            1.0    1.2387919194   0.0267755735  -1.9952456824 
--------------------------------------------------------------------- 
 
FINAL MCSCF ENERGY IS     -266.7164002934 
 
Ground State Orbital: 
 
Occupation Number: 
 1.945   1.836   1.521   0.482 
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Occupation Number: 
 0.155   0.060 
 
Excited State Orbitals: 
 
Occupation Number: 
 1.942   1.834   1.507   0.496 
 
Occupation Number: 
 0.154   0.066 
 
DERIVATIVE COUPLING VECTOR (DCV) 
 
 UNITS ARE HARTREE/BOHR    E'X               E'Y               E'Z  
    1 C            -3236.898930223   -3966.917709453   -1614.324284751 
    2 C             3872.961796747    1246.304714457   -6169.203288307 
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    3 C            -1576.410627116    3133.191274873    2186.249978507 
    4 C              218.469887047   -3953.491437983   -2378.153244539 
    5 C             2330.946943522   -1363.832108558    2674.060889473 
    6 H            -1523.263645656   -1370.401026794     659.782740418 
    7 H            -1571.458864930    1435.763472995     503.275665031 
    8 H             -266.627731868     262.949956273     390.777871733 
    9 H              562.807370969     230.017933782      22.631634804 
   10 O              228.797765983    4355.946267693    1159.317511032 
   11 H              960.675965981      -9.529380669    2565.584505431 
 
p-aminophenyl cation (16): 8 electron, 8 orbital active space 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                               Y                             Z 
 --------------------------------------------------------------------- 
 C            6.0   -3.5959023559   2.8718505044  -0.0075270487 
 C            6.0   -3.7432259916   1.4759338966   0.0021274170 
 C            6.0   -2.3175794573   3.4943124250  -0.0143789099 
 C            6.0   -1.1423275160   2.6940865179  -0.0098533051 
 C            6.0   -1.1977023391   1.2915193025  -0.0003383157 
 C            6.0   -2.5012903725   0.9581772973   0.0064681723 
 H            1.0   -4.4903309087   3.4661858845  -0.0143535668 
 H            1.0   -4.6779779347   0.9524644750   0.0065845597 
 N            7.0   -2.2202586756   4.8381649339  -0.0512560100 
 H            1.0   -0.1716198369   3.1533604198  -0.0187625623 
 H            1.0   -0.3482011852   0.6387325853   0.0019449997 
 H            1.0   -3.0244521137   5.4137027238   0.0504740372 
 H            1.0   -1.3413213130   5.2917790339   0.0488705326 
--------------------------------------------------------------------- 
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FINAL MCSCF ENERGY IS     -284.8555927619 
 
Ground State Orbitals: 
 
Occupation Number: 
 1.968   1.919   1.486   1.448 
 
Occupation Number: 
 0.917   0.146   0.082   0.034 
 
DERIVATIVE COUPLING VECTOR (DCV) 
 
 UNITS ARE HARTREE/BOHR    E'X               E'Y               E'Z  
    1 C             1843.290310498     507.533574417     784.048723415 
    2 C             -319.747710089   -2314.513206855   10713.773626858 
    3 C             -107.573482330   -1454.264176542    2426.511252174 
    4 C            -1747.942816967     768.904105289     788.017235010 
    5 C                1.287725586   -2344.904326201   10713.637678014 
    6 C              266.188642859    3872.192133054  -19056.135638700 
    7 H              -69.731157633    -347.008326389   -3537.853553390 
    8 H              -67.110619333      45.760550555     555.569441199 
    9 N              136.878767477    1881.524027294    -754.905998728 
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   10 H               11.430405661    -353.073953623   -3538.283762349 
   11 H               74.461000368      35.730009225     555.201074634 
   12 H              212.917979425    -165.248849828     174.907252301 
   13 H             -234.348988863    -132.630856375     175.516091610 
 
Coumarin analog cation (20): 10 electron, 9 orbital active space 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                               Y                             Z 
 --------------------------------------------------------------------- 
 C            6.0   -0.2118104186  -1.4022365909   0.0019743267 
 C            6.0    1.1502775255  -0.8954552517  -0.0060978434 
 C            6.0    1.4326446692   0.4625302946  -0.0047591877 
 C            6.0    0.3053734829   1.3812290932   0.0002429114 
 C            6.0   -1.0203408979   0.8489212502  -0.0082943178 
 H            1.0    1.9195217440  -1.6415968467  -0.0051374119 
 H            1.0    0.4447326248   2.4436762702   0.0147923732 
 O            8.0   -1.2396900313  -0.4294566994  -0.0225999485 
 O            8.0   -0.5660929147  -2.5289854789   0.0280228033 
 C            6.0    2.7645434168   0.9782262169  -0.0022435243 
 H            1.0    2.9457358101   2.0345030038  -0.0091827025 
 N            7.0   -2.0798808073   1.6024150643  -0.0018922951 
 H            1.0   -2.0154650122   2.6005321612   0.0152841440 
 H            1.0   -2.9932147666   1.1865771713  -0.0079296031 
 H            1.0    3.6057055752   0.3152503421   0.0078102757 
--------------------------------------------------------------------- 
 
FINAL MCSCF ENERGY IS     -434.6449597293 
 
Ground State Orbitals: 
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Occupation Number: 
 1.996   1.965   1.927   1.807 
 
Occupation Number: 
 1.186   0.870   0.146   0.069 
 
Occupation Number: 
0.034 
 
DERIVATIVE COUPLING VECTOR (DCV) 
 
 UNITS ARE HARTREE/BOHR    E'X               E'Y               E'Z  
    1 C           -11893.332983388   -2725.454493019     -28.592820178 
    2 C            11028.229962815   42759.567261188     -57.758912144 
    3 C           -58534.990804842  -47182.377636761     -49.580666136 
    4 C             4939.483447179  -10287.343309111     165.633279664 
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    5 C            -1347.104232656    -847.415365393     -92.285992020 
    6 H              646.865416977    -144.276172131     -13.471532208 
    7 H              128.701285557     186.721723551      30.480709083 
    8 O              514.151344200   -2821.592643220      85.805969454 
    9 O             2133.278911057    4510.567056721     -61.828207201 
   10 C            52068.587535977   17762.710646525     -17.927473469 
   11 H              -86.496714386    -789.523716475    -172.632366360 
   12 N             1361.849642742   -1188.441227143       1.240744119 
   13 H               26.813865079     222.750842273      -1.009679479 
   14 H             -199.555727506     -24.840773942       1.657242744 
   15 H             -786.478652571     568.946176947     210.269853065 
 
D.4 Geometry Perturbation Visualization 
 
Figure 1: Molecular overlays of ground state (brown C-C bonds) with conical intersection (aqua 
C-C bonds) to show change in geometry between computed structures.  Energy is below to give 
absolute energy difference between the structures in kcal/mol 
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D.5 Relative Geometry Energies 
State 
Bond 
Length 
(Ang) 
Energy 
(a.u.) 
Energy 
(kcal/mol) 
Normalized 
Energy 
(kcal/mol) 
Cation 1 
    
 
C1-C3 
   
 
Bond Length 
(Ang) Energy (Ha) kcal/mol normalized 
Ground State 1.380258 
-
116.2186892 
-
72928.32796 0 
S1 Minimum 
geometry on 
S0 1.411289 
-
116.1388228 
-
72878.21103 50.11693706 
S0 Minimum 
geometry on 
S1 1.380258 
-
115.9950302 -72787.9798 140.348162 
S1 Minimum 1.411289 
-
116.1036027 
-
72856.11005 72.21790779 
Conical 
Intersection 1.43059 -116.09235 -72849.0489 79.27905912 
     Cation 3 
    
 
C4-N8 
   
 
Bond Length 
(Ang) Energy (Ha) kcal/mol normalized 
Ground State 1.305462 
-
171.2614261 
-
107468.1666 0 
S1 Minimum 
geometry on 
S0 1.473856 
-
171.2208345 
-
107442.6949 25.4716155 
S0 Minimum 1.305462 - - 63.78107303 
	  	  
206	  
geometry on 
S1 
171.1597845 107404.3855 
S1 Minimum 1.473856 -171.191549 -107424.318 43.84855089 
Conical 
Intersection 1.55438 -171.1873 
-
107421.6517 46.51482927 
     Cation 2 
    
 
C1-N6 
   
 
Bond Length 
(Ang) Energy (Ha) kcal/mol normalized 
Ground State 1.289134 
-
171.3289143 -107510.516 0 
S1 Minimum 
geometry on 
S0 1.410583 
-
171.2204302 
-
107442.4412 68.07479252 
S0 Minimum 
geometry on 
S1 1.289134 
-
171.0895015 
-
107360.2823 150.2337623 
S1 Minimum 1.410583 
-
171.1855208 
-
107420.5352 89.98077716 
Conical 
Intersection 1.47549 -171.17359 
-
107413.0486 97.46745345 
     Cation 15 
    
 
C1-C2 
   
 
Bond Length 
(Ang) Energy (Ha) kcal/mol normalized 
Ground State 1.397606 
-
266.9148989 
-
167491.6265 0 
S1 Minimum 
geometry on 1.436786 
-
266.9053884 
-
167485.6585 5.967955976 
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S0 
S0 Minimum 
geometry on 
S1 1.397606 
-
266.7214053 
-
167370.2074 121.4190381 
S1 Minimum 1.436786 
-
266.7306723 
-
167376.0225 115.6039477 
Conical 
Intersection 1.4704684 
-
266.7164003 
-
167367.0667 124.5597512 
     Cation 20 
    
 
C2-C3 
   
 
Bond Length 
(Ang) Energy (Ha) kcal/mol normalized 
Ground State 1.48101 
-
434.6582205 
-
272752.1492 0 
S1 Minimum 
geometry on 
S0 1.48101 -434.624053 
-
272730.7087 21.44045407 
Conical 
Intersection 1.387032 
-
434.6449597 
-
272743.8279 8.321267087 
     Cation 10 
    
 
C4-C14 
   
 
Bond Length 
(Ang) Energy (Ha) kcal/mol normalized 
Ground State 1.363625 
-
324.0404137 
-
203338.4279 0 
S1 Minimum 
geometry on 
S0 1.467633 
-
324.0027341 
-
203314.7836 23.64431187 
S0 Minimum 1.363625 - - 103.8385577 
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geometry on 
S1 
323.8749364 203234.5894 
S1 Minimum 1.467633 
-
323.9084042 
-
203255.5907 82.83721263 
Conical 
Intersection 1.4860336 
-
323.9012684 
-
203251.1129 87.31501553 
     Cation 9 
    
 
C4-C11 
   
 
Bond Length 
(Ang) Energy (Ha) kcal/mol normalized 
Ground State 1.371486 
-
323.9972195 
-
203311.3231 0 
S1 Minimum 
geometry on 
S0 1.465639 
-
323.9762691 
-
203298.1766 13.14654752 
S0 Minimum 
geometry on 
S1 1.371486 -323.9346 
-
203272.0288 39.29431269 
S1 Minimum 1.465639 -323.9533 
-
203283.7633 27.55989679 
Conical 
Intersection 1.4817394 
-
323.9495657 -203281.42 29.90318356 
     Cation 8 
    
 
C5-C11 
   
 
Bond Length 
(Ang) Energy (Ha) kcal/mol normalized 
Ground State 1.364028 
-
324.0264153 
-
203329.6438 0 
S1 Minimum 1.443152 - - 18.31475234 
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geometry on 
S0 
323.9956254 203211.0821 
S0 Minimum 
geometry on 
S1 1.364028 
-
323.9074078 
-
203254.9655 74.6783278 
S1 Minimum 1.443152 -323.938415 
-
203274.4228 55.22097195 
Conical 
Intersection 1.4783503 
-
323.9177971 
-
203261.4849 68.15892541 
     Cation 14 
    
 
C4-C6 
   
 
Bond Length 
(Ang) Energy (Ha) kcal/mol normalized 
Ground State 1.447298 
-
344.7157464 
-
216312.3949 0 
S1 Minimum 
geometry on 
S0 1.384194 
-
344.7023181 
-
216303.9686 8.426356725 
S0 Minimum 
geometry on 
S1 1.447298 
-
344.6757343 -216287.287 25.10791672 
S1 Minimum 1.384194 
-
344.6892982 
-
216295.7985 16.59644304 
Conical 
Intersection 1.3597304 
-
344.6861772 
-
216293.8401 18.55489288 
     Cation 16 
    
 
C3-N9 
   
 
Bond Length 
(Ang) Energy (Ha) kcal/mol normalized 
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Ground State 1.313373 
-
284.8900503 
-
178771.2042 0 
S0 Minimum 
geometry on 
S1 1.313373 
-
284.8372802 
-
178738.0905 33.11371409 
Conical 
Intersection 1.3478764 
-
284.8555928 
-
178749.5818 21.62243558 
Table 2: Data used to generate the figures for Figure 2 in paper.  The energies and bond lengths 
were calculated from the MCSCF complete pi active space minimum and conical intersection 
calculations. 
 
Compound from 
paper 
TD-DFT Energy 
(kcal/mol) 
ECI – 1st excited minimum 
(kcal/mol) 
compound 14 26.12569361 1.958449836 
compound 10 88.47775503 4.477802902 
compound 9 35.05026191 2.343286773 
compound 8 61.03759012 12.93795346 
compound 15 120.3202458 8.95580347 
compound 20 1.11845365 0 
compound 1 116.6235835 7.061151329 
compound 3 47.09266389 2.666278384 
compound 2 129.7890513 7.486676293 
compound 16 33.44522327 0 
Table3: Data for Figure 4. The absolute TD-DFT energy vs. absolute energy difference 
calculated between the conical intersection geometry and the excited-state minimum well, if 
found. 
 
D.6 Surface Mapping 
The surfaces were also calculated using GAMESS2 software.  The ground 
state geometry found in the MCSCF calculation was used as the input file for 
each allyl cation.  The desired bond was fixed at a specified length for each 
calculation while the rest of the molecule was allowed to relax.  MCSCF 6-31G(d) 
was used again with a weighted average of 50:50 of the first two singlet states. 
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D.7 Linear Motion Path 
The linear paths were calculated using GAMESS2.  The input geometries 
were calculated using a spreadsheet program where the difference in distance 
between the optimized geometry on the surface map most similar to the conical 
intersection based on bond length and the conical intersection could be divided 
into eight intervals and added to the coordinates of the surface map geometry.  
These new geometries were used to calculate the single point energy using RHF 
6-31G(d) at each point. 
 
1-aminoallyl cation (2): 
 
Ground State Linear Path: 
 
Interval 1: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
C             6.0      0.0013307607        1.2205695017       -0.1281761812 
 H            1.0      1.6809510431        2.3554519073       -0.1287213604 
 C            6.0     -0.0019550718       -1.4165438162       -0.0046732784 
 H            1.0     -1.7741810430       -2.3997507992        0.0398090126 
 C            6.0      2.2342167060       -2.6759550155        0.0358183416 
 N            7.0     -2.3122981531        2.7464673402        0.0000857295 
 H            1.0     -3.9965810810        2.0801814148       -0.1337433002 
 H            1.0     -2.2239391939        4.4719856284        0.2285306518 
 H            1.0      2.2837625275       -4.6928170933        0.1007328684 
 H            1.0      4.0160707441       -1.7135883837       -0.0108333595 
	  	  
212	  
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -171.2888492716 
 
Interval 2: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0      0.0067622270        1.2076959539       -0.2562767732 
 H            1.0      1.6754212489        2.3583200593       -0.2567356115 
 C            6.0      0.0162039706       -1.4103120300       -0.0095318395 
 H            1.0     -1.7555300919       -2.3880893467        0.0785741450 
 C            6.0      2.2469542672       -2.6810160812        0.0721193817 
 N            7.0     -2.2853886730        2.7197569727        0.0002253510 
 H            1.0     -3.9479694628        2.2107384416       -0.2681082773 
 H            1.0     -2.2262401496        4.2813274916        0.4573287481 
 H            1.0      2.2801825094       -4.6888821444        0.2018950990 
 H            1.0      4.0338633862       -1.7389097825       -0.0204911315 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -171.2611517692 
 
Interval 3: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
	  	  
213	  
 --------------------------------------------------------------------- 
 C            6.0      0.0121936932        1.1948224061       -0.3843773654 
 H            1.0      1.6698914546        2.3611882111       -0.3847498625 
 C            6.0      0.0343630132       -1.4040802439       -0.0143904006 
 H            1.0     -1.7368791410       -2.3764278939        0.1173392773 
 C            6.0      2.2596918286       -2.6860771466        0.1084204217 
 N            7.0     -2.2584791930        2.6930466052        0.0003649724 
 H            1.0     -3.8993578444        2.3412954682       -0.4024732543 
 H            1.0     -2.2285411051        4.0906693548        0.6861268443 
 H            1.0      2.2766024914       -4.6849471956        0.3030573297 
 H            1.0      4.0516560283       -1.7642311816       -0.0301489035 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -171.2262364820 
 
Interval 4: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0      0.0176251595        1.1819488585       -0.5124779574 
 H            1.0      1.6643616606        2.3640563630       -0.5127641137 
 C            6.0      0.0525220558       -1.3978484579       -0.0192489617 
 H            1.0     -1.7182281899       -2.3647664413        0.1561044097 
 C            6.0      2.2724293898       -2.6911382121        0.1447214617 
 N            7.0     -2.2315697128        2.6663362377        0.0005045941 
 H            1.0     -3.8507462262        2.4718524949       -0.5368382313 
 H            1.0     -2.2308420606        3.9000112179        0.9149249405 
 H            1.0      2.2730224733       -4.6810122468        0.4042195605 
	  	  
214	  
 H            1.0      4.0694486704       -1.7895525805       -0.0398066754 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -171.2001260701 
 
Interval 5: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0      0.0230566256        1.1690753108       -0.6405785496 
 H            1.0      1.6588318664        2.3669245148       -0.6407783647 
 C             6.0      0.0706810982       -1.3916166716       -0.0241075228 
 H            1.0     -1.6995772390       -2.3531049885        0.1948695418 
 C            6.0      2.2851669512       -2.6961992776        0.1810225017 
 N            7.0     -2.2046602328        2.6396258702        0.0006442155 
 H            1.0     -3.8021346078        2.6024095217       -0.6712032082 
 H            1.0     -2.2331430161        3.7093530811        1.1437230368 
 H            1.0      2.2694424553       -4.6770772979        0.5053817910 
 H            1.0      4.0872413123       -1.8148739795       -0.0494644472 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -171.1909863062 
 
Interval 6: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
	  	  
215	  
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0      0.0284880917        1.1562017630       -0.7686791416 
 H            1.0      1.6533020721        2.3697926668       -0.7687926157 
 C            6.0      0.0888401407       -1.3853848856       -0.0289660839 
 H            1.0     -1.6809262879       -2.3414435358        0.2336346742 
 C            6.0      2.2979045124       -2.7012603432        0.2173235417 
 N            7.0     -2.1777507526        2.6129155027        0.0007838370 
 H            1.0     -3.7535229894        2.7329665485       -0.8055681854 
 H            1.0     -2.2354439717        3.5186949442        1.3725211330 
 H            1.0      2.2658624372       -4.6731423491        0.6065440218 
 H            1.0      4.1050339544       -1.8401953784       -0.0591222192 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -171.1925134942 
 
Interval 7: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0      0.0339195580        1.1433282152       -0.8967797338 
 H            1.0      1.6477722779        2.3726608187       -0.8968068669 
 C            6.0      0.1069991831       -1.3791530994       -0.0338246450 
 H            1.0     -1.6622753370       -2.3297820832        0.2723998065 
 C            6.0      2.3106420738       -2.7063214087        0.2536245817 
 N            7.0     -2.1508412726        2.5862051352        0.0009234584 
 H            1.0     -3.7049113712        2.8635235751       -0.9399331623 
	  	  
216	  
 H            1.0     -2.2377449272        3.3280368074        1.6013192293 
 H            1.0      2.2622824192       -4.6692074003        0.7077062524 
 H            1.0      4.1228265964       -1.8655167774       -0.0687799911 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -171.1904627907 
 
1st Excited State Singlet Linear Path: 
 
Interval 1: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
C             6.0      0.0680498989        1.2088461141        0.0173823251 
 H            1.0      1.6234971415        2.4460757160        0.3918877920 
 C            6.0      0.1183709292       -1.3624693284       -0.1461281983 
 H            1.0     -1.6218089011       -2.3267050786       -0.4745417895 
 C            6.0      2.3406535241       -2.7600778276        0.0710248618 
 N            7.0     -2.3235418929        2.5951163917       -0.0637384276 
 H            1.0     -3.5022351495        2.9316238826        1.1197047956 
 H            1.0     -2.8462465614        3.3099963141       -1.2909913782 
 H            1.0      2.3057936828       -4.7590443599       -0.0968868875 
 H            1.0      4.1221196080       -1.8859017094        0.3934642925 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -171.0963315706 
 
Interval 2: 
	  	  
217	  
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0      0.0639500597        1.1976473360       -0.1315123392 
 H            1.0      1.6261750477        2.4359976096        0.1895008050 
 C            6.0      0.1193405429       -1.3639624692       -0.1307789137 
 H            1.0     -1.6249253989       -2.3254787289       -0.3622979712 
 C             6.0      2.3381858258       -2.7531213485        0.1022963989 
 N            7.0     -2.2950261642        2.5900275882       -0.0544810695 
 H            1.0     -3.5242443786        2.9405462711        0.8062758050 
 H            1.0     -2.7596464644        3.2853366508       -0.8451187063 
 H            1.0      2.2990663568       -4.7456483730        0.0325067369 
 H            1.0      4.1247624125       -1.8866069188        0.3260497133 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -170.6852196337 
 
Interval 3: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0      0.0598502204        1.1864485578       -0.2804070037 
 H            1.0      1.6288529536        2.4259195030       -0.0128861823 
 C            6.0      0.1203101567       -1.3654556099       -0.1154296291 
 H            1.0     -1.6280418968       -2.3242523791       -0.2500541527 
	  	  
218	  
 C            6.0      2.3357181273       -2.7461648695        0.1335679361 
 N            7.0     -2.2665104356        2.5849387848       -0.0452237112 
 H            1.0     -3.5462536076        2.9494686596        0.4928468141 
 H            1.0     -2.6730463674        3.2606769873       -0.3992460343 
 H            1.0      2.2923390309       -4.7322523861        0.1619003612 
 H            1.0      4.1274052168       -1.8873121285        0.2586351339 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -170.9023417486 
 
Interval 4: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0      0.0557503813        1.1752497799       -0.4293016681 
 H            1.0      1.6315308597        2.4158413965       -0.2152731694 
 C            6.0      0.1212797706       -1.3669487506       -0.1000803445 
 H            1.0     -1.6311583945       -2.3230260295       -0.1378103344 
 C            6.0      2.3332504288       -2.7392083903        0.1648394732 
 N            7.0     -2.2379947071        2.5798499814       -0.0359663531 
 H            1.0     -3.5682628367        2.9583910481        0.1794178235 
 H            1.0     -2.5864462706        3.2360173240        0.0466266377 
 H            1.0      2.2856117050       -4.7188563992        0.2912939858 
 H            1.0      4.1300480212       -1.8880173381        0.1912205544 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -168.8792026334 
 
	  	  
219	  
Interval 5: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0      0.0516505419        1.1640510018       -0.5781963326 
 H            1.0      1.6342087657        2.4057632900       -0.4176601564 
 C            6.0      0.1222493843       -1.3684418911       -0.0847310599 
 H            1.0     -1.6342748925       -2.3217996797       -0.0255665162 
 C            6.0      2.3307827303       -2.7322519114        0.1961110103 
 N            7.0     -2.2094789783        2.5747611780       -0.0267089948 
 H            1.0     -3.5902720656        2.9673134364       -0.1340111672 
 H            1.0     -2.4998461737        3.2113576607        0.4924993096 
 H            1.0      2.2788843790       -4.7054604121        0.4206876101 
 H            1.0      4.1326908255       -1.8887225476        0.1238059750 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -169.7252582182 
 
Interval 6: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0      0.0475507026        1.1528522237       -0.7270909969 
 H            1.0      1.6368866716        2.3956851836       -0.6200471437 
 C            6.0      0.1232189982       -1.3699350319       -0.0693817753 
	  	  
220	  
 H            1.0     -1.6373913902       -2.3205733299        0.0866773023 
 C            6.0      2.3283150320       -2.7252954322        0.2273825475 
 N            7.0     -2.1809632498        2.5696723745       -0.0174516365 
 H            1.0     -3.6122812947        2.9762358249       -0.4474401580 
 H            1.0     -2.4132460767        3.1866979974        0.9383719816 
 H            1.0      2.2721570531       -4.6920644252        0.5500812344 
 H            1.0      4.1353336298       -1.8894277572        0.0563913958 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -170.6940055900 
 
Interval 7: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0      0.0434508635        1.1416534455       -0.8759856615 
 H            1.0      1.6395645777        2.3856070770       -0.8224341308 
 C            6.0      0.1241886118       -1.3714281726       -0.0540324907 
 H            1.0     -1.6405078881       -2.3193469802        0.1989211206 
 C            6.0      2.3258473335       -2.7183389533        0.2586540846 
 N            7.0     -2.1524475210        2.5645835711       -0.0081942784 
 H            1.0     -3.6342905238        2.9851582134       -0.7608691486 
 H            1.0     -2.3266459797        3.1620383339        1.3842446535 
 H            1.0      2.2654297270       -4.6786684383        0.6794748588 
 H            1.0      4.1379764343       -1.8901329667       -0.0110231836 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -171.0209363698 
	  	  
221	  
 
2-aminoallyl cation (3): 
 
Ground State Linear Path: 
 
Interval 1: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0     -2.2821291046       -1.3740275723       -0.0126261307 
 H            1.0     -4.0795481949       -0.4426799921       -0.0267479090 
 H            1.0     -2.2499636502       -3.4195892189       -0.0285393148 
 C            6.0      0.0003933317       -0.0321793895        0.0001061642 
 C            6.0      2.2937765944       -1.3550173458        0.0134872807 
 H            1.0      4.0834632184       -0.4086289522        0.0261931368 
 H            1.0      2.2785313691       -3.3764981769        0.0281015150 
 N            7.0     -0.0108528262        2.7250505306        0.0000215414 
 H            1.0      1.5664590857        3.7008993639       -0.1183437942 
 H            1.0     -1.5962300643        3.6879552842        0.1194054999 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -171.2394542150 
 
Interval 2: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
	  	  
222	  
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0     -2.3061151470       -1.3832935875       -0.0252966342 
 H            1.0     -4.0827852110       -0.4188140193       -0.0537734476 
 H            1.0     -2.3098964921       -3.4232442761       -0.0568869343 
 C            6.0      0.0006732799       -0.0957471274        0.0002123287 
 C            6.0      2.3177942379       -1.3640340989        0.0270639989 
 H            1.0      4.0866229093       -0.3847773019        0.0524711535 
 H            1.0      2.3385218930       -3.3831041451        0.0563971676 
 N            7.0     -0.0107503261        2.6872104556        0.0000012349 
 H            1.0      1.5281332596        3.6718749052       -0.2374290389 
 H            1.0     -1.5577759091        3.6593596200        0.2381497188 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -171.2339415519 
 
Interval 3: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0     -2.3301011893       -1.3925596024       -0.0379671375 
 H            1.0     -4.0860222273       -0.3949480464       -0.0807989863 
 H            1.0     -2.3698293339       -3.4268993335       -0.0852345536 
 C            6.0      0.0009532281       -0.1593148655        0.0003184929 
 C            6.0      2.3418118813       -1.3730508518        0.0406407171 
 H            1.0      4.0897826001       -0.3609256514        0.0787491703 
 H            1.0      2.3985124166       -3.3897101135        0.0846928202 
	  	  
223	  
 N            7.0     -0.0106478262        2.6493703806       -0.0000190713 
 H            1.0      1.4898074338        3.6428504467       -0.3565142836 
 H            1.0     -1.5193217538        3.6307639559        0.3568939377 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -171.2275411987 
 
Interval 4: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0     -2.3540872318       -1.4018256175       -0.0506376411 
 H            1.0     -4.0892592437       -0.3710820735       -0.1078245249 
 H            1.0     -2.4297621758       -3.4305543906       -0.1135821731 
 C            6.0      0.0012331762       -0.2228826036        0.0004246573 
 C            6.0      2.3658295248       -1.3820676049        0.0542174355 
 H            1.0      4.0929422909       -0.3370740011        0.1050271870 
 H            1.0      2.4585029405       -3.3963160820        0.1129884729 
 N            7.0     -0.0105453262        2.6115303056       -0.0000393777 
 H            1.0      1.4514816077        3.6138259881       -0.4755995283 
 H            1.0     -1.4808675988        3.6021682917        0.4756381567 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -171.2206754708 
 
Interval 5: 
 
--------------------------------------------------------------------- 
	  	  
224	  
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0     -2.3780732741       -1.4110916325       -0.0633081446 
 H            1.0     -4.0924962598       -0.3472161006       -0.1348500634 
 H            1.0     -2.4896950177       -3.4342094480       -0.1419297923 
 C            6.0      0.0015131242       -0.2864503416        0.0005308216 
 C            6.0      2.3898471683       -1.3910843579        0.0677941538 
 H            1.0      4.0961019817       -0.3132223506        0.1313052037 
 H            1.0      2.5184934644       -3.4029220502        0.1412841255 
 N            7.0     -0.0104428263        2.5736902304       -0.0000596840 
 H            1.0      1.4131557819        3.5848015296       -0.5946847727 
 H            1.0     -1.4424134435        3.5735726273        0.5943823756 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -171.2134828906 
 
Interval 6: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0     -2.4020593165       -1.4203576474       -0.0759786481 
 H            1.0     -4.0957332762       -0.3233501279       -0.1618756020 
 H            1.0     -2.5496278595       -3.4378645052       -0.1702774116 
 C            6.0      0.0017930724       -0.3500180797        0.0006369858 
 C            6.0      2.4138648117       -1.4001011110        0.0813708720 
 H            1.0      4.0992616726       -0.2893707001        0.1575832204 
	  	  
225	  
 H            1.0      2.5784839882       -3.4095280186        0.1695797781 
 N            7.0     -0.0103403262        2.5358501554       -0.0000799902 
 H            1.0      1.3748299558        3.5557770709       -0.7137700174 
 H            1.0     -1.4039592882        3.5449769632        0.7131265944 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -171.2058164618 
 
Interval 7: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0     -2.4260453588       -1.4296236626       -0.0886491514 
 H            1.0     -4.0989702923       -0.2994841549       -0.1889011407 
 H            1.0     -2.6095607014       -3.4415195625       -0.1986250311 
 C            6.0      0.0020730205       -0.4135858176        0.0007431502 
 C            6.0      2.4378824552       -1.4091178639        0.0949475902 
 H            1.0      4.1024213634       -0.2655190498        0.1838612371 
 H            1.0      2.6384745119       -3.4161339869        0.1978754307 
 N            7.0     -0.0102378264        2.4980100804       -0.0001002966 
 H            1.0      1.3365041300        3.5267526124       -0.8328552621 
 H            1.0     -1.3655051330        3.5163812990        0.8318708133 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -171.1972754099 
 
1st Excited State Singlet Linear Path: 
 
	  	  
226	  
Interval 1: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0     -2.4109160054       -1.4769352912       -0.0064490877 
 H            1.0     -4.0969752009       -0.3568521175       -0.0154844554 
 H            1.0     -2.5919554990       -3.4918391674       -0.0277501335 
 C            6.0      0.0020349223       -0.4372860720        0.0000999578 
 C            6.0      2.4234020792       -1.4568670677        0.0031709247 
 H            1.0      4.1003328915       -0.3230310780        0.0120118533 
 H            1.0      2.6212826934       -3.4702934282        0.0187192562 
 N            7.0     -0.0099147743        2.4935609976        0.0000179949 
 H            1.0      1.5673863874        3.5126179800       -0.1980104297 
 H            1.0     -1.5947680684        3.5005019807        0.1981920656 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -171.1890734305 
 
Interval 2: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0     -2.4165039191       -1.4715002034       -0.0200020258 
 H            1.0     -4.0977226448       -0.3452472695       -0.0441190588 
 H            1.0     -2.6030323624       -3.4851728033       -0.0562104931 
	  	  
227	  
 C            6.0      0.0020803576       -0.4429814268        0.0002070089 
 C            6.0      2.4289017964       -1.4513338604        0.0182214081 
 H            1.0      4.1010826292       -0.3114076955        0.0403157678 
 H            1.0      2.6323087425       -3.4635000749        0.0483552315 
 N            7.0     -0.0099462817        2.4887908558       -0.0000018049 
 H            1.0      1.5289280899        3.5104908621       -0.3057147265 
 H            1.0     -1.5565227696        3.4986853599        0.3056810608 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -171.1884047542 
 
Interval 3: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0     -2.4220918328       -1.4660651158       -0.0335549641 
 H            1.0     -4.0984700888       -0.3336424216       -0.0727536621 
 H            1.0     -2.6141092259       -3.4785064395       -0.0846708527 
 C            6.0      0.0021257926       -0.4486767816        0.0003140598 
 C            6.0      2.4344015134       -1.4458006532        0.0332718915 
 H            1.0      4.1018323666       -0.2997843128        0.0686196821 
 H            1.0      2.6433347913       -3.4567067217        0.0779912068 
 N            7.0     -0.0099777891        2.4840207140       -0.0000216045 
 H            1.0      1.4904697922        3.5083637440       -0.4134190230 
 H            1.0     -1.5182774710        3.4968687391        0.4131700560 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -171.1877823301 
	  	  
228	  
 
Interval 4: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0     -2.4276797465       -1.4606300282       -0.0471079022 
 H            1.0     -4.0992175327       -0.3220375737       -0.1013882656 
 H            1.0     -2.6251860893       -3.4718400756       -0.1131312122 
 C            6.0      0.0021712279       -0.4543721365        0.0004211107 
 C            6.0      2.4399012306       -1.4402674461        0.0483223749 
 H            1.0      4.1025821042       -0.2881609300        0.0969235965 
 H            1.0      2.6543608402       -3.4499133684        0.1076271822 
 N            7.0     -0.0100092967        2.4792505724       -0.0000414043 
 H            1.0      1.4520114946        3.5062366259       -0.5211233198 
 H            1.0     -1.4800321724        3.4950521183        0.5206590514 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -171.1874407717 
 
Interval 5: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0     -2.4332676600       -1.4551949405       -0.0606608405 
 H            1.0     -4.0999649768       -0.3104327258       -0.1300228691 
	  	  
229	  
 H            1.0     -2.6362629529       -3.4651737115       -0.1415915716 
 C            6.0      0.0022166631       -0.4600674913        0.0005281616 
 C            6.0      2.4454009475       -1.4347342388        0.0633728582 
 H            1.0      4.1033318417       -0.2765375473        0.1252275108 
 H            1.0      2.6653868890       -3.4431200151        0.1372631573 
 N            7.0     -0.0100408041        2.4744804307       -0.0000612039 
 H            1.0      1.4135531969        3.5041095079       -0.6288276166 
 H            1.0     -1.4417868737        3.4932354973        0.6281480466 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -171.1874367084 
 
Interval 6: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0     -2.4388555737       -1.4497598529       -0.0742137786 
 H            1.0     -4.1007124207       -0.2988278779       -0.1586574726 
 H            1.0     -2.6473398163       -3.4585073476       -0.1700519312 
 C            6.0      0.0022620984       -0.4657628461        0.0006352127 
 C            6.0      2.4509006645       -1.4292010316        0.0784233416 
 H            1.0      4.1040815791       -0.2649141648        0.1535314251 
 H            1.0      2.6764129381       -3.4363266618        0.1668991326 
 N            7.0     -0.0100723115        2.4697102889       -0.0000810035 
 H            1.0      1.3750948992        3.5019823899       -0.7365319134 
 H            1.0     -1.4035415751        3.4914188765        0.7356370418 
--------------------------------------------------------------------- 
 
	  	  
230	  
FINAL RHF ENERGY IS     -171.1876313079 
 
Interval 7: 
 
--------------------------------------------------------------------- 
Atomic      Atomic             Coordinates (Angstroms) 
 Type           Number               X                                      Y                                       
Z 
 --------------------------------------------------------------------- 
 C            6.0     -2.4444434874       -1.4443247651       -0.0877667169 
 H            1.0     -4.1014598648       -0.2872230299       -0.1872920758 
 H            1.0     -2.6584166799       -3.4518409836       -0.1985122908 
 C            6.0      0.0023075334       -0.4714582009        0.0007422636 
 C            6.0      2.4564003817       -1.4236678243        0.0934738250 
 H            1.0      4.1048313168       -0.2532907820        0.1818353396 
 H            1.0      2.6874389869       -3.4295333086        0.1965351079 
 N            7.0     -0.0101038189        2.4649401471       -0.0001008033 
 H            1.0      1.3366366017        3.4998552719       -0.8442362100 
 H            1.0     -1.3652962763        3.4896022557        0.8431260370 
--------------------------------------------------------------------- 
 
FINAL RHF ENERGY IS     -171.1877222770 
 
D.8 Surface Mapping and Linear Path Tables 
Table 4: Data for Figure 2 in paper 3D plot of compound 3 
C-N bond length 
(ang.) Energy (Ha) Energy (kcal/mol) normalized 
Ground State       
1.2054607 -171.2469537 -107459.08499676800 9.08174029046 
1.2154607 -171.2499464 -107460.96292007100 7.20381698721 
1.2254607 -171.2525431 -107462.59236424500 5.57437281271 
	  	  
231	  
1.2354607 -171.2547625 -107463.98509816800 4.18163888961 
1.2454607 -171.2566303 -107465.15715156900 3.00958548856 
1.2554607 -171.2581628 -107466.11882244400 2.04791461438 
1.2654607 -171.2593798 -107466.88248935600 1.28424770152 
1.2754607 -171.2602975 -107467.45831752200 0.70841953589 
1.2854607 -171.2609354 -107467.85861346800 0.30812359000 
1.2954607 -171.2613055 -107468.09087549300 0.07586156495 
1.3054607 -171.2614264 -107468.16673705800 0.00000000000 
1.3154607 -171.2613103 -107468.09390303800 0.07283402001 
1.3254607 -171.2609711 -107467.88106155200 0.28567550551 
1.3354607 -171.260423 -107467.53709305300 0.62964400518 
1.3454607 -171.2596775 -107467.06931091100 1.09742614719 
1.3554607 -171.2587448 -107466.48398495000 1.68275210788 
1.3654607 -171.2576344 -107465.78719630200 2.37954075579 
1.3754607 -171.2563625 -107464.98907453900 3.17766251930 
1.3854607 -171.2549285 -107464.08924980600 4.07748725248 
1.3954607 -171.2533615 -107463.10592979200 5.06080726610 
1.4054607 -171.2516452 -107462.02895474300 6.13778231495 
1.4154607 -171.2498043 -107460.87375637200 7.29298068619 
1.4254607 -171.2478419 -107459.64231145900 8.52442559945 
1.4354607 -171.2457667 -107458.34014855000 9.82658850809 
1.4454607 -171.2435831 -107456.96991059000 11.19682646773 
1.4590755 -171.2394542 -107454.37898630400 13.78775075355 
1.4726902 -171.2339416 -107450.91973801000 17.24699904821 
1.486305 -171.2275412 -107446.90345577200 21.26328128614 
1.4999198 -171.2206755 -107442.59514650300 25.57159055497 
1.5135346 -171.2134829 -107438.08173432100 30.08500273700 
1.5271494 -171.2058165 -107433.27097765600 34.89575940243 
1.5407641 -171.1972754 -107427.91138671300 40.25535034490 
1.5543789 -171.1872991 -107421.91670536000 46.25003169826 
	  	  
232	  
        
        
Excited State       
C-N bond length 
(ang.) Energy (Ha) Energy (kcal/mol) normalized 
1.1004607 -171.0431763 -107331.21274537400 136.95399168447 
1.1104607 -171.0544354 -107338.27794683700 129.88879022116 
1.1204607 -171.065025 -107344.92298176500 123.24375529308 
1.1304607 -171.0749794 -107351.16946265100 116.99727440736 
1.1404607 -171.0843258 -107357.03441884600 111.13231821203 
1.1504607 -171.0930924 -107362.53556155500 105.63117550331 
1.1604607 -171.1013142 -107367.69482204400 100.47191501354 
1.1704607 -171.1090085 -107372.52309469500 95.64364236256 
1.1804607 -171.1162067 -107377.04000969800 91.12672735991 
1.1904607 -171.1229314 -107381.25983931600 86.90689774198 
1.2004607 -171.1292099 -107385.19961095600 82.96712610207 
1.2104607 -171.1350715 -107388.87782453800 79.28891251977 
1.2204607 -171.1405184 -107392.29581665800 75.87092039992 
1.2304607 -171.1455861 -107395.47583215000 72.69090490832 
1.2404607 -171.1502837 -107398.42365451700 69.74308254123 
1.2504607 -171.1546348 -107401.15400990100 67.01272715745 
1.2604607 -171.1586567 -107403.67776143100 64.48897562675 
1.2704607 -171.1623694 -107406.00755555800 62.15918149984 
1.2804607 -171.1657891 -107408.15341636900 60.01332068945 
1.2904607 -171.1689349 -107410.12747518900 58.03926186879 
1.3004607 -171.1718053 -107411.92864285200 56.23809420600 
1.3104607 -171.1744199 -107413.56935979500 54.59737726314 
1.3204607 -171.1768125 -107415.07070525300 53.09603180486 
1.3304607 -171.1789644 -107416.42102418000 51.74571287830 
1.3404607 -171.1809139 -107417.64440660000 50.52233045769 
	  	  
233	  
1.3504607 -171.1826615 -107418.74099646600 49.42574059236 
1.3604607 -171.1842147 -107419.71566142900 48.45107562859 
1.3704607 -171.1855982 -107420.58382592500 47.58291113267 
1.3804607 -171.1868013 -107421.33880220900 46.82793484947 
1.3904607 -171.1878495 -107421.99655248800 46.17018456964 
1.4004607 -171.1887516 -107422.56264133100 45.60409572745 
1.4104607 -171.1895048 -107423.03522410800 45.13151294977 
1.4204607 -171.1901378 -107423.43248039800 44.73425665975 
1.4304607 -171.1906295 -107423.74104123700 44.42569582112 
1.4404607 -171.1910133 -107423.98187767700 44.18485938120 
1.4504607 -171.1912865 -107424.15328239000 44.01345466773 
1.4604607 -171.1914697 -107424.26825084700 43.89848621064 
1.4704607 -171.1915372 -107424.31057680000 43.85616025770 
1.473856 -171.191549 -107424.31800092800 43.84873613040 
1.4804607 -171.1915291 -107424.30551675200 43.86122030579 
1.4904607 -171.1914253 -107424.24036307200 43.92637398645 
1.5004607 -171.1912515 -107424.13135495000 44.03538210763 
1.5104607 -171.1910062 -107423.97738897600 44.18934808193 
1.5204607 -171.1906932 -107423.78096257400 44.38577448447 
1.5304607 -171.1903227 -107423.54847834700 44.61825871062 
1.5404607 -171.1898946 -107423.27985227400 44.88688478387 
1.5504607 -171.1894123 -107422.97720797100 45.18952908673 
1.5604607 -171.1888821 -107422.64447433800 45.52226271962 
1.5704607 -171.1882918 -107422.27411504900 45.89262200853 
1.5804607 -171.1876582 -107421.87650904800 46.29022800957 
1.5904607 -171.1869855 -107421.45438612700 46.71235093108 
1.6004607 -171.1862781 -107421.01045505500 47.15628200291 
1.5509505 -171.1890734 -107422.76456697500 45.40217008293 
1.5514402 -171.1884048 -107422.34496626500 45.82177079289 
1.55193 -171.1877823 -107421.95438924900 46.21234780937 
	  	  
234	  
1.5524198 -171.1874408 -107421.74005811800 46.42667893958 
1.5529096 -171.1874367 -107421.73750835900 46.42922869881 
1.5533994 -171.1876313 -107421.85962138800 46.30711566990 
1.5538891 -171.1877223 -107421.91670536000 46.25003169826 
1.5543789 -171.1872991 -107421.91670536000 46.25003169826 
Table 4: Data for Figure 2 in paper 3D plot of compound 3. Data in black is for the surfaces, data 
in green is for the linear path, and the data in red is for the conical intersection. 
 
Supporting Information Table S6: Data for Figure 2 in paper 3D plot of compound 2 
1-6 bond length (ang.) Energy (Ha) Energy (kcal/mol) normalized 
Ground State 
1.1201370000 -171.2768521916 -107477.8465707420 32.6694504346 
1.1401370000 -171.2901667557 -107486.2015857910 24.3144353862 
1.1601370000 -171.3010939458 -107493.0585010480 17.4575201289 
1.1801370000 -171.3098804527 -107498.5721173270 11.9439038497 
1.2001370000 -171.3167492592 -107502.8823584470 7.6336627303 
1.2201370000 -171.3219022066 -107506.1158817330 4.4001394435 
1.2401370000 -171.3255214095 -107508.3869658230 2.1290553535 
1.2601370000 -171.3277719892 -107509.7992258960 0.7167952810 
1.2801370000 -171.3288042843 -107510.4470008460 0.0690203310 
1.2891340000 -171.3289142752 -107510.5160211770 0.0000000000 
1.3001370000 -171.3287609665 -107510.4198185160 0.0962026607 
1.3201370000 -171.3277591125 -107509.7911456450 0.7248755322 
	  	  
235	  
1.3401370000 -171.3259173627 -107508.6354302060 1.8805909712 
1.3601370000 -171.3233428882 -107507.0199230790 3.4960980977 
1.3801370000 -171.3201334653 -107505.0059798200 5.5100413575 
1.4001370000 -171.3163629441 -107502.6399420630 7.8760791135 
1.4201370000 -171.3120994610 -107499.9645660470 10.5514551297 
1.4401370000 -171.3074047533 -107497.0185925110 13.4974286656 
1.4601370000 -171.3023181265 -107493.8266860290 16.6893351479 
1.46818740 -171.28884927 -107485.3748520430 25.1411691343 
1.45942420 -171.26115177 -107467.9944070190 42.5216141579 
1.45390500 -171.22623648 -107446.0847336880 64.4312874888 
1.45166680 -171.20012607 -107429.7002029820 80.8158181955 
1.45272480 -171.19098631 -107423.9649145900 86.5511065872 
1.45707190 -171.19251349 -107424.9232395210 85.5927816562 
1.46467860 -171.19046279 -107423.6364036560 86.8796175206 
1.4754946000 -171.1735880585 -107413.0473494140 97.4686717629 
    
    
Excited State 
1-6 bond length (ang.) Energy (Ha) Energy (kcal/mol) normalized 
1.2415900000 -171.1599993656 -107404.5203159480 105.9957052290 
	  	  
236	  
1.2615900000 -171.1665085176 -107408.6048704630 101.9111507139 
1.2815900000 -171.1718501631 -107411.9568035940 98.5592175826 
1.3015900000 -171.1761503387 -107414.6552045020 95.8608166752 
1.3215900000 -171.1795228943 -107416.7715150760 93.7445061015 
1.3415900000 -171.1820555068 -107418.3607534010 92.1552677764 
1.3615900000 -171.1838386924 -107419.4797192500 91.0363019274 
1.3815900000 -171.1849485660 -107420.1761754430 90.3398457340 
1.4015900000 -171.1854596288 -107420.4968721890 90.0191489878 
1.4105830000 -171.1855207782 -107420.5352440170 89.9807771603 
1.4215900000 -171.1854362615 -107420.4822089870 90.0338121898 
1.4415900000 -171.1849393356 -107420.1703832800 90.3456378974 
1.4615900000 -171.1840244837 -107419.5963050500 90.9197161274 
1.4815900000 -171.1827394923 -107418.7899607780 91.7260603985 
1.5015900000 -171.1811311406 -107417.7807048570 92.7353163197 
1.5215900000 -171.1792410267 -107416.5946404880 93.9213806895 
1.5415900000 -171.1771087526 -107415.2566182990 95.2594028777 
1.5615900000 -171.1747653272 -107413.7860966710 96.7299245061 
1.5815900000 -171.1722464609 -107412.2054842160 98.3105369605 
1.6015900000 -171.1695794500 -107410.5319096230 99.9841115542 
1.6215900000 -171.1667899047 -107408.7814435330 101.7345776441 
	  	  
237	  
1.6415900000 -171.1639015932 -107406.9690007170 103.5470204598 
1.6615900000 -171.1609377564 -107405.1091650610 105.4068561164 
1.46344420 -171.09633157 -107364.5681717150 145.9478494619 
1.45012190 -170.68521963 -107106.5915384910 403.9244826855 
1.44175700 -169.69967043 -106488.1500822590 1022.3659389177 
1.43843580 -168.87920263 -105973.2987696280 1537.2172515488 
1.44019340 -169.72525822 -106504.2066603910 1006.3093607864 
1.44701110 -170.69400559 -107112.1048092640 398.4112119131 
1.45881800 -171.09145559 -107361.5084501650 149.0075710117 
1.4754946000 -171.1735880585 -107413.0473494140 97.4686717629 
Table 5: Data for Figure 2 in paper 3D plot of compound 2. Data in black is for the surfaces, data 
in green is for the linear path, and the data in red is for the conical intersection. 
 
	  	  
238	  
 
Figure 2: Full spectrum of Figure 2a. 
 
D.9 References 
 (1) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, 
M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. 
A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; 
Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; 
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, 
T.; Jr., J. A. M.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; 
Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; 
Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, 
J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; 
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, 
C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; 
Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.; 
	  	  
239	  
Foresman, J. B.; Oritz, J. V.; Cioslowski, J.; Fox, D. J., Gaussian 09, Revision 
A.02 2009. 
 (2) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon, 
M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; Su, S. J.; 
Windus, T. L.; Dupuis, M.; Montgomery, J. A., J. Comput. Chem. 1993, 14, 1347. 
 (3) Bode, B. M.; Gordon, M. S., J. Mol. Graph. Model. 1998, 16, 133. 
 
 
 
